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ABSTRACT 

The Fifth Parabolic Dish Solar Thermal Power Program Annual Review was 
held December 6-8, 1983, at the Erawan Garden Hotel, Indian Wells, 
California, under the sponsorship of the U . S .  Department of Energy, and 
conducted by the Jet Propulsion Laboratory. 

The primary objective of the Review was to present the results of 
activities within the Parabolic Dish Technology and NodulelSystems 
Developnwnt element of the Department of Energy’s Solar Thermal Energy 
Systems Progrem. The Review consisted of nine t.echnica1 sessions covering 
overall Zroject and Program aspects, Stirling and Brayton module development, 
concentvtor and enginelreceiver development, and associated hardware and 
test results to date; distributed systems operating experience; international 
dish development activities; and non-DOE- sponsored domestic dish activities. 
A panel discussion concerning business views of solar electric generation was 
held. 

These Proceedings contain the texts of presentations made at the Review, 
as submitted by their authors at the beginning of the Review; therefore, they 
may vary slightly from the actual presentations in the technical sessions. 
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I FIFTH PARABOLIC DISH SOLAR T H E W  POWER PROGRAM REVIEW 

WELCOMING REMARKS 

John W. Lucas 
General Chairman 

Jet Propulsion Laboratory 
Pasadena, CA 32109 

Welcome to the Fifth Parabolic Dish Solar Thermal Power Program Annual 
Review. 
accomplishments that have occurred during the past year will be presented 
by the involved contractors. In addition, we have arranged what should be 
an outstanding panel discussion. 

During the next :hree days, reports on the many significant 

Robert San Martin. Deputy Assistant Secretary for Renewable Energy, 
Department of Energy, will highlight the first session with an 
authoritative overview of alternate energy activities. 

Also on Tuesday, domestic dish activities not sponsored by DOE will be 
reported upon. 

There will be a field trip to the nearby Vanguard Stirling module site on 
Wednesday. 

John Stolpe, Supervising Research Energy, Southern California Edison 
Company. will lead the panel, discussing issues affecting solar thermal 
electric dish development on Wednesday. tlanufacturing, utility, and 
financial perspectives will be represented. 

A session OD Thursday will present operating experience from the three 
dish plants currently operational in the world. Also on Thursday, several 
of our foreign visitors will report on parabolic dish development in their 
respsctive countries. 
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THE PARABOLIC DISH PROJECT AT JPL: 
A BRIEF HISTORY 

A. T. MARRIOTT 

Jet Propulsion Laboratory 
Pasadena, California 91109 

The conversion of solar energy to electricit; using paraboloidal 
collectors in conjunction with focal point-mounted heat engines is unique 
to the JPL managed DOE Solar Thermal Technology Program. 
developed by J?L, has evolved in seven years to become a viable candidate 
for the production of electricity on a comercial basis. 
electric project is now being transEerred from JPL to Sandia National 
Laboratories, Albuquerque (SNLA) and it is an opportune time to look back 
at its short history. 

This concept, 

The dish- 

The idea of producing thermal energy from the sun using a dish collector 
is not new; early dishes were used for irrigation purposes but could not 
compete with less expensive fossil fuel;. However, interest was renewed 
after the oil crisis in 1973. JPL, as a result of experience in energy 
conversion and dish structures in the space program and a growing 
involvement in civil eystem activitier, began to look at alternatives - 
one of which was a distributed esliector system concept. This idea 
emerged frmi r a r k  AE!O f ix  NASA between 1974 and 1976 in a comparative 
assessment of orbital and terrestrial solar central power stations. 
1976 a proposal to the Energy Research ar.l Development Agency (ERDA) was 
accepted to look at distributed systems as an alternative to the central 
receiver concept and to perform studies in support of the ERDA solar 
theme1 office. 

In 

The parabolic djsh project developed and went through several stages 
including a rather broad charter that included s-all solar thermal power 
systems employing a variety of technologies. 
the point that three distinct activities comprised the project and the 
technology was limited to parabolic dishes. Advanced Subsystem 
Development was responsible for determinin~ thc feasibility of advanced 
components and materials for future generation systems. nodule 
Development performed the detailed engineering, fabrication and testing of 
complete power producing modules. AppSications Development was 
responsible for complete power systems and the demonstration of the dish 
technology through a series of engineering experiments. 
the groundwork was laid for the Parabolic Dish Test Site (PDTS) at Edwards 
Air Force Base and the test bed concentrators (TBC) were installed. Also, 
many contracts were initiated with industry for the development of 
concentrators, receivers and engines, and for system level activities in 
preparation for the Small Community Experiments. 

By 1980 it had evolved to 

During this time 

Y 2 



In 1981 several najor activities were underway. General Electric was 
designing PDC-1 and Acurex was doing panel development for a concentrator 
that was to become PDC-2. 
Stirling of Sweden were involved with the solarization of Brayton and 
Stirling engines, respectively. Ford Aerospace and Comnvnications 
Corporation (FACC) was well into Phase I1 of Small Community Experihent 
No. 1, using an organic Rankine cycle (ORC) engine being developed by 
Barber-Nichols. 

Garrett Turbine Engine Company and IJnited 

Fiscal year 1982 saw a cessation of funding for the Advanced Subsystem 
Development activity with most of this work going to SBRI. 
consolidated to include two major areas: Technology Development and 
Hodule/System Development. At the same time, the major emphasis was 
shifted to the three module development activities associated witb the 
Stirling, Brayton and ORC engines, and supporting component and subsystem 
development. It was during this year that the most significant test 
results were achieved at PDTS. The United Stirling (USAB) 4-95 engine was 
tested in conjunction with a USAB receiver on a TBC and produced 
electricity at a record efficiency of 29% from sunlight to power out of 
the generator. The ORC was also run on a TBC in a successful test that 
verified the system including receiver and controls. Sanders Associates 
and Advanco Corporation were under contract to design, build and test 
Brayton and Stirling modules, respectively. Power Kinetics Iccorporated 
under contract to Applied Concepts su nessfully installed and tested a 
thermal dish at Capitol Concrete in Topeks, Kansas. 

The project 

Significant Frogress was made during FY 1983. 
was completed as was m s t  of the subsystem fabrication; installation at 
Rancho Mirage was started. The ORC bearing problem was solved and steps 
taken toward the completion of a qualification test program. Acurex 
completed the design of PDC-2 and started fabricating test panels. 
Sanders Associates selected the LaJet concentrator for the Brayton module 
and the first one was built late in the year. JPL and GRI reached an 
agreement whereby two subatmospheric Brayton cycle engines would be made 
available to the solar thermal program. In other respects, PY 1983 was 
one of transition. JPL's system contract with FACC was completed and a 
contract was established between FACC and DOE to continue the ORC 
development. 
from the solar thermal project. 
resulted in an apjzwed plan to transfer the dish-electric project to S N U  
during FY 1984. 

The Stirling module design 

In July, a decision was made by JPL management to withepaw 
Subsequent discussions with DOE and aNLA 

While this is a point of departure for the JPL program, as well as for the 
people involved ovar the past several years - we feel confident that the 
transition will be msde smoothry rrnd we rest assured that the dish project 
will be in good hands as SNLA assumes responsibility for its management. 



ORIGINAL PAGE 19 
OF POOR QUALITY 

James A. Leonard 
Sandis  Yat iona l  Labora to r i e s  
Albuquerque, New Mexico 87185 

ABSTRACT 

The t r a n s i t i o n  of  t h e  lead l ab  r e s p o n s i b i l i t y  for t h e  DOE Dish Elec t r ic  
Program from J P L  t o  Sandia  w i l l  create both  problems and o p p o r t u n i L e s .  
I n  the  near-term t h e  schedu le  and budget of some of t h e  project elements  
a re  be ing  adve r se ly  a f f e c t e d .  The DOE, JPL, and Sandia  are dedicated 
t o  minimizing t h e  impact of t h e  t r a n s i t i o n .  We a t  Sandia  are p leased  and 
g r a t i f i e d  w i t h  t h e  l e v e l  of ded ica t ion ,  suppor t ,  and coopera t ion  d i sp layed  
by t h e  JPL s ta f f .  Likewise, w e  have been impressed wi th  t h e  paticnce and 
forbearance  of t h e  c o n t r a c t o r s  i n  t h e  program as we have impnsrd o n  most 
of  them t o  h e l p  us  f a m i l i a r i z e  ou r se lves  w i t h  t h e i r  projects. 

The oppor tun i ty  mentioned above has t o  do wi th  t h e  Dish Program now bein< 
plamed and managed i n  a more u n i f i e d  va) r e l a t i v e  to t h e  spectrum of a p p l i -  
c a t i o n s  f c r  d i s h  technology - a technology which can collect more energy a t  
a given mid-to-high tempera ture  than any o t h e r ,  bar none. T h i s  w i l l  allow 
more o f  t h e  program budget t o  be devoted t o  R & 0 and less t o  a d m i n i s t r a t i o n  
and management. 

The a p p l i c a t i o n s  t o  be i n v e s t i q a t e d  i n  t h e  f u t u r e  inc lude  d i s t r i b u t e d  d i s h -  
electric, c e n t r a l i z e d  d i s h - e l e c t r i c ,  cogenera t ion ,  i n d u s t r i a l  p rocess  h e a t ,  
and f u e l s  and chemicals product ion;  materials and p rocess  development, and 
component and subsystem development w i l l  be pursued for a l l  d i s h  elements  
such  as t h e  concen t r a to r ,  r e c e i v e r ,  c o n t r o l s  ( i n c l u d i n g  t r a c k i n g  and d r i v e ) ,  
eugines  and t u r b i n e s ,  and thermal  energy t r a n s p o r t .  

Jc 

The s t r a t e g y  w i l l  g e n e r a l l y  be t o  pursue a p p l i c a t i o n s  a t  h ighe r  and 
h ighe r  tempera tures  and to  pursue  technology development i n  an o r d e r l y  
process from materials s t u d i e s  through component development and f i e l d  
experiments. Th i s  does n o t  mean t h a t  s e v e r a l  of t h e  above elements  would 
n o t  co-exis t  i n  t h e  program - some development a r e a s  are ahead of others 
now and some dev,,Dpment areas w i l l  move ahead more ra2idly than  o t h e r s .  

Relative t o  emphasis, it seems j u s t i f i a b l e  t o  place h igh  p r i o r i t y  on s o l a r  
specific components such  as  t h e  concen t r a to r  and t h e  receivdr. Engine de- 
velopment is i n h e r e n t l y  expens ive  and time-consuming. The fo re seeab le  s o l a r  
thermal  budget w i l l  n o t  suppor t  a l l - o u t  R & D from t h e  ground up. The 
c u r r e n t  program phi losophy of  " tagging  a l m g "  with deve lopers  i n  o t h e r  

*This  w o r k  supported by t h e  U. S. Department of 

b 



:.t Sec to r s  appears pr*Jdc.ot. The key technica l  issue of thermally connected 
fields of d i s h e s  i; the t h e r m a l  t r a n s p o r t  rvstem. Encouraging progress i n  
development of ;os t -e i fec t lk-c  t-hermal t r a n s p o r t  systems w i l l  be rcquired 
be fo re  s u b s t a n t i a l  commitments t o  dish- thermal  z?pl rca tons  a r e  made. 

Las t ,  but  not l e a s t ,  system-level  tests and eva lua t ions  i n  r e a l i s t i c  set- 
t i n g s  a r e  an e s s e n t i i l  f i n a l  s t e p  i n  any R & 0 process .  I n  s o l a r  t hese  
a r e  p a r t i c u l a r l y  importdnt,  no t  only because i n t e r f a c e  problems not  
fo re seeab le  oth.,-rwise can be i d e n t i f i e d  and co r rec t ed ,  but a l s o  bpcause 
c r e d i b i l i t y  sild pub l i c  acceptance and confidence a r e  c r u c i a l  t o  i n d u s t r y ' s  
a b i l i t y  t o  m r k e t  sys tems commercially. The coinmitment t o  real-world s i t e s  
must be c a r e f u l l y  considered and must fol low carefu?- system-level  shakeout 
and r igorous  non-public q u a l i f i c a t i o n  t e s t s .  

Sandia Nat ional  Labora tor ies  is pleased  t o  be a p a r t  of t he  Dish Program, 
a l b e i t  d i sappoin ted  t o  l o s e  t h e  s u p o r t  of our  good f r i e n d s  a t  JPL.  We 
look forward tr, a product ive  r e l a t i o n s h i p  w i t h  a l l  t he  o the r  program par- 
c i c i p a n t e .  

5 
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CONCENTRATOR DEVELOPMENT 
! ~ 8 4  2 8 2 2 5  

William A. Owen 
Jet P ropu l s ion  Labora tory  

Pasadena, C a l i f o r n i a  

D u r i n g  t h e  s i x  y e a r s  o f  technology development by t h e  Parabolic D i s h  
program, the  problems p e c u l i a r  to t r a c k i n g  d ishes  have been exp lo red  i n  d e p t h  
w i t h  p a r t i c u l a r  emphasis on economics. 
Concen t r a to r ,  t e s t i n g  t echn iques  and a p p a r a t u s  such  as c a l o r i m e t e r s  and the  
f l u x  mapper were developed. 
a long o p e r a t i n g  l i fe  as  w e l l  as high performance. 
equipment was eva lua ted  a s  well. Bu i ld ing  on a l l  these e l emen t s ,  t h e  T e s t  Bed 
Concen t ra to r s  were des igned  and b u i l t .  
p l a n e  of over 17,500 s u n s  and an ave rage  c o n c e n t r a t o r  r a t i o  over 3,000 on an  
e i g h t  inch diameter a p e r t u r e ,  t h e y  have proven to  be t h e  work h o r s e s  of t h e  
technology. With a r e a d i l y  adjustable mirror a r r a y ,  t h e y  have proved t o  be a n  
e s s e n t i a l  t o o l  i n  t h e  development o f  d i s h  components, r e c e i v e r s ,  heat 
t r a n s p o r t  systems, i n s t r u m e n t a t i o n ,  c o n t r o l s ,  e n g i n e s ,  and materials, a l l  
necessary to cost e f f e c t i v e  modules and p l a n t s .  U t i l i z i n g  t h e  l e s s o n s  l e a r n e d  
from t h i s  technology, more c o s t  e f f e c t i v e  sys tems were des igned .  These 
inc luded  Parabolic Dish Number 1 (PDC-1) and PDC-2 c u r r e n t l y  i n  f i n a l  d e s i g n  
by Acurex Corporation. Even more advanced c o n c e p t s  are be ing  worked on, such 
a s  t h e  Cassegranian  systems by BDM Corpora t ion .  

Starting with t h e  P r e c u r s o r  

A t  the  same time, mirrors were developed t o  have 
Commercially a v a i l a b l e  

With a peak i n t e n s i t y  i n  t he  focal 
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PARABOLIC DISH CONCENTRATOR (PDC-1) 

Edwin W. Denn ison/Maur ice J. Argoud 
Jet  Propuls ion  Laboratory 

Pasadena, California 

The d e s i g n ,  c o n s t r u c t i o n  and i n s t a l l a t i o n  of t h e  P a r a b o l i c  D i s h  
Concent ra tor ,  Type 1 (PDC-1) h a s  been one  of t h e  most s i g n i f i c a n t  JPL 
c o n c e n t r a t o r  p r o j e c t s  because of t h e  knowledge ga ined  about  t h i s  t y p e  of 
c o n c e n t r a t o r  and t h e  development of d e s i g n ,  t e s t i n g  and a n a l y s i s  
procedures  which are a p p l i c a b l e  t o  all solar c o n c e n t r a t o r  p r o j e c t s .  The 
need for these procedures  was most c l e a r l y  understood d u r i n g  t h e  t e s t i n g  
per iod  which s t a r t e d  w i t h  t h e  p r o t o t y p e  panel  e v a l u a t i o n  and ended w i t h  
t h e  performance c h a r a c t e r i z a t i o n  of t h e  completed c o n c e n t r a t o r .  E'or each 
phase of t h e  test  program p r a c t i c a l  test procedures  were r e q u i r e d  and 
these procedures  d e f i n e d  t h e  mathematical a n a l y s i s  which was e s s e n t i a l  fo r  
s u c c e s s f u l  c o n c e n t r a t o r  development. The c o n c e n t r a t o r  performance a p p e a r s  
t o  be l i m i t e d  c n l y  by t h e  d i s t o r t i o n s  r e s u l t i n g  from tnermal  g r a d i e n t s  
through the  r e f l e c t i n g  panels .  Simple o p t i c a l  t e s t i n g  can be ex t remely  
e f f e c t i v e ,  bu t  comprehensive mechanical  and o p t i c a l  a n a l y s i s  is e s s e n t i a l  
fcr cost e f f e c t i v e  solar c o n c e n t r a t o r  development. 
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ABSTRACT 

PARABOLIC DISH CONCENTRATOR (PDC-2) DEVELOPMENT 

D. Rafinejad 
Acurex Corporation 

Mountain V i e w ,  Californicl  
f o r  

F i f t h  Pa rabo l i c  Dish So la r  Thermal Power Program 'levied 
December 6-8, 1983 

Acurex Corporation has completed t h e  design of the point-focus Pa rabo l i c  Vish 
Concentrator  (PDC-2). The f a b r i c a t i o n  of the prototype d i s h  has begun. 

The PDC-2 is a high-flux, 12.2m-diameter d i s h  with a thermal output  of 
96.5 kWt. 
and 64 highly -2cu ra t e  r e f l e c t i v e  panels.  The s t r u c t u r a l l y  e f f i c i e n t  panels 
are corny-ised of c e l l u l a r  g l a s s  cores  sandwiched between t h i n  baclcsilvered 
mi r ro r  giass on t h e  f r o n t  and uns i lve red  g l a s s  on t h e  back. 
t r a c k s  the  sun i n  e l e v a t i o n  and azimuth axes and is mounted on a s ihgle  
embedded p e d e s t a l  foundation. 

The concen t r a to r  c o n s i s t s  of a l i gh twe igh t  space-frame s t r u c t u r e  

The col icentrator  

This paper desc r ibes  the  concen t r a to r  design and s t a t u s  of t h e  
development p ro jec t .  

INTRODUCTION 

Acurex developed t h e  PDC-2 des ign  as a subcon t rac to r  t o  Ford Aerospace and 
Communication Corporat ion,  under t h e  sponsorship of t he  Department of Energy. 
The o b j e c t i v e  Df the  program is t o  develop a 12.2m p a r a b o l i c  d i s h  
concen t r a to r  f o r  use i n  t h e  Small Community So la r  Experiment (SCSE ho, 1) .  
The program Q,:ope Cncludes the  design,  f a b r i c a t i o n ,  and test!.ng of one 
concen t r a to r  a t  Sandia test f a c i l i t i e s  i n  Albuquerque, New Mexico. 

Although PL1-2 development is intended f o r  e l e c t r i c a l  power geoe ra t ion  a t  a 
small community, i t  can ' : used i n  a much broader area of a p p l i c a t i o n .  PDC-2 
is a highly accu ra t e  concen t r a to r  t h a t  can be used i n  a d i s t r i b u t e d  s o l a r  
system f o r  thermal and e lec t r ica l  power generat ion.  The power c o n v e r s i m  
u n i t  can be mounted a t  t h e  f o c a l  p l a n e  o r  be c e n t r a l l y  located.  Its modular 
n a t u r e  makes it  s u i t a b l e  f o r  a p p l i c a t i o n s  i n  a l l  system e i z e s .  

-. 

Y' 

, .- 

ii 
rff 

Ac-irex has designed s e v e r a l  gene ra t  ions of pa rabo l i c  d i s h  concen t r a to r s  cnder 
JPL sponsorship.  Extensive conceptual design s t u d i e s  have been performed 
over  s e v e r a l  yea r s  t o  optimize t h e  design. The optimized concept has now 
been s u c c e s s f u l l y  c a r r i e d  through t h e  d e t a i l e d  design arid component 
prototyping s t age .  

The op t imiza t ion  s t u d i e s  were based on the  o v e r a l l  i n s t a l l e d  system l i f e  
cyc le  cos t  and performance and inco rpora t ed  r e l e v a n t  improvements i i ;  i e l a t e d  
technologies  such as h e l i o s t a t s .  The PDC-2 design r e f l e c t s  s e v e r a l  yea r s  of 
d i s h  development and r ep resen t s  t he  s ta te  of the a r t  i n  high performance 
s o l a r  d i s h  technology. 
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The f o l l o w i n g  s e c t i o n s  d e s c r i b e  t h e  PDC-2 d e s i g n  and u p d a t e  t h e  p r o j e c t  
s t a t u s .  

PDC-2 DESIGN 

The PDC-2 is a s i n g l e  r e f  l e c t i w  p o i n t - f o c u s i n g ,  two-axis t r a c k i n g  solar 
c o n c e n t r a t o r  w i t h  a r e f l e c t i v e  s u r f a c e  a p e r t u r e  of 12.2m i n  d i a m e t e r .  The 
f o c a l  l e n g t h  t o  a p e r t u r e  d i a m e t e r  ra t io  (f!D) of t h e  d i s h  is a p p r o x i m a t e l y  
0.54. The r e f l e c t e d  s o l a r  r a d i a t i o n  f o c u s e s  o n t o  a r e c e i v e r  a p e r t u r e  of 
10 t o  15 i n .  i n  d i a m e t e r ,  depending  upon a p p l i c a t i o n .  The d i s h  c o n c e n t r a t i o n  
r a t io  r a n g e s  from 1,000 t o  2,300. PDC-2 is shown i n  f i g u r e  1. 

PDC-2 produces a mirimum of 96.5 kW t n e r m a l  power (100  kWt nominal )  a t  t h e  
r e c e i v e r  a p e r t u r e  a t  1,000 W/m2 i n s o l a t i o n  ar,d IO mph wind. 

‘The PDC-2 cc n c e n t r a t o r  is d e s i g n e d  f o r  minimum f a b r i c i t i o n  and i n s t a l l a t i o n  
c o s t  and is a d a p t a b l e  t o  low c o s t  a t  h i g h  volume p r o d u c t i o n .  The 
c o n c e i i t r a t o r  has  a d e s i g n  l i f e  of 20 y e a r s  f o r  r e l i a b l e  and s a f e  o p e r a t i o n .  

The PDC-? o p e r a t e s  s a f e l y  a t  winds up to  25 mph. A t  winds greater  t h a n  
2 5  mph t h e  c o n c e n t r a t o r  w i l l  move t o  stow p o s i t i o n  f a c i n g  t h e  z e n i t h .  

The PDC-2 c o n s i s t s  of f i v e  s u b s y s t e m s ,  as shown i n  f i g u r e  1: 

Kef lect i v e  s u r f  ace 
0 Support  s t r u c t u r e  

P e d e s t a l / f o u n d a t i o n  
0 Drive subsys tem 

Electr ical  and c o n t r o l s  

These subsystems are d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

REFLECTLL’E SURFACE SUBSYS,E!l 

The c o c c e n t r a t o r  s u r f a c e  c o n s i s t s  of two c o n c e n t r i c  r i n g s  of i n d e p e n d e n t  
r e f l e c t i v e  e l e m e n t s  ( p a n e l s )  which form a p h y s i c a l l y  d i s c o n t i n u o u s  
p a r a b a l o i d a l  r e f l e c t i v e  s u r f a c e  w i t h  a common f o c a l  p o i n t .  The i n s i d e  r i n g  
i s  m d e  up of 24 p a n e l s ,  and 40 p a n e l s  compr ise  t h e  o u t s i d e  r i q .  The 
r e f l e c t i v e  p a n e l  c o n s i s t s  of a l i g h t w e i g h t  c e l l u l a r  g l a s s  core bonded t o  a 
t h i n  g l a s s  m i r r o r  i n  f r o n t  and a narrow s t r i p  of u n s i l v e r e d  t h i n  glass  i n  t h e  
back spar. Tke mirror g l a s s  and t h e  s p a r  c a p  c a r r y  t h e  major p o r t i o n  of  t h e  
bending l o a d s  of t h e  compas i te  s t r u c t u r e .  The r e f l e c t i v e  p a n e l  d e s i g n  is 
shown i n  f i g u r e  2.  

The h i g h  q u a l i t y  r e f l e c t i v e  s u r f a c e  h a s  a s l o p e  e r r o r  of less t h a n  1 mrad rms 
due LO m a n u f a c t u r i n g  t o l e r a n c e s  and w o r s t - c a s e  o p e r a t i n g  c o n d i t i o n s .  
C e l l u l a r  g l a s s  is  a low-cost ,  n o n c r i t i c a l  material w i t h  a v e r y  h i g h  
s t i f f n e s s - t o - w e i g h t  r a t i o .  It  is e a s i l y  machinable  t o  p r o v i d e  t h e  h i g h l y  
accurate- o p t i c a l  s u r f a c e  and c l o s e l y  matches t h e  c o e t f  i c i e n t  of t h e r m a l  
e x p a n s i o n  of t h e  f r o n t  and back g l a s s .  The p a n e l  back is shaped  t o  rninimize 
weight  w h i l e  m a i n t a i n i n g  t h e  minimum t h i c k n e s s  €or s t r u c t u r d l  I n t e g r i t y .  

Each pane’ i s  s u p p o r t e d  a t  t h r e e  point :  via s u p p o r t  pads t h a t  are b o l t e d  t o  
t h e  r i n g  t r u s s  s t r u c t u r e .  The s u p p o r t  F are made of p r e c i p i t a t i o n  . 
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hardened steel (ph 15-7 mo) f o r  a good match wi th  c o e f f i c i e , i t  of 
t he rma l  expans ion  of t h e  Elass. 

The r e f l e c t i v e  s u r f a c e  mirror is a 0.040- t o  0.058-in. t h i c k  ch a i c a l l y  
s t r e n g t h e n e d  b a c k s i l v e r e d  g l a s s .  Acurex i n v e s t i g a t e d  a v a i l a b i l i t y  of t h i n  
s o l a r  mirror g l a s s  i n  t h e  d e s i r e d  l e n g t h  (108  i n .  f o r  i n n e r  p a n e i )  from 
v a r i o u s  U.S. and European s u p p l i e r s .  

Although it  was de termined  t h a t  m i r r o r  i n  t h e  d e s i r e d  s i z e  could  be o b t a i n e d  
from one European s u p p l i e r  i t  was deemed prudent  e a r l y  i n  t h e  p r o j e c t  to  
deve lop  a n  a l t e r n a t e  pane l  d e s i g n  t o  m i n i s i z e  program r i s k .  A s p l i c e d  j o i n t  
r e f l e c t i v e  s u r f a c e  c o n f i g u r a t i o n  w a s  des igned .  I n  t h i s  d e s i g n ,  t w o  s h o r t e r  
(50 in .  l ong)  g l a s s  mirrors are b u t t e d  t o g e t h e r  w i th  a narrow p i e c e  (6  i n . )  
of ove r l app ing  t h i n  clear g l a s s .  The p r o t o t y p e  PDC-E pane l s  w i l l  be made of 
f u l l  s i z e  ( s i n g l e  s h e e t )  co rn ing  0317 glass t h a t  is 0.058 in .  t h i c k  and is 
c u r r e n t l y  a v a i l a b l e  i n  l i m i t e d  q u a n t i t i e s .  

The s t a n d a r d  24 i n .  by 18 i n .  by 5 in .  foamglass  b locks  are c u r r e n t l y  mass 
produced by P i t t s b u r g h  Corning. The s u p p l i e r  w i l l  no t  manufac ture  l a r g e  
p i e c e s  ( f u l l  s i z e )  of faamglass  u n l e s s  very  l a r g e  q u a n t i t i e s  a r e  o rde red .  
The re fo re ,  f o r  p r o t o t y p e  and low-volume p roduc t ion  of PDC-2 p a n e l s ,  10 
s t a n d a r d  b locks  are bonded t o g e t h e r  and c u t  t o  shape.  The foamglass  f r o n t  
s u r f a c e  is machined i n  a sand ing  o p e r a t i o n  t o  t h e  p a r a b o l o i d a l  
c o n f i g u r a t i o n .  

SUPPORT STRUCTURE SUBSYSTEM 

The suppor t  s t r u c t u r e  subsystem c o n s i s t s  of t-hree p a r t s  as showlk i n  
f i g u r e  3: 

a. Power conve r s ion  assembly (PCA) suppor t  
b. Panel  suppor t  
c. Drive suppor t  

The o v e r a l i  suppor t  s t r u c t u r e  weight  is 8,OOP l ! ~  and s u p p o r t s  t h e  1,500-lb 
PCA, 5,400 ID of re f lec t ive  pane l s  and 61)O l b  of c a b l i n g  and misce l l aneous  
hardware.  

The PCA s u p p o r t  is a quadr ipod  s t r u c t u r e  w i n g  l aced  l e g s  and is of t h i n r a l l  
s teel  t u b i n g  c o n s t r u c t i o n .  S i x t e e n  5/16-in. d i ame te r  guy c a b l e s  c o n t r i b u t e  
t o  s t r u c t u r e  s t a b i l i t y .  The quadripod a l s o  p rov ides  a means of r o u t i n g  
c a b l e s  and lines t o  t h e  equipiaent l o c a t e d  a t  *he f o c a l  po in t .  The s t r u c i u r e  
h a s  a d e t a c h a b l e  PCA mounting frame r e q u i r e d  f o r  i n s t a l l a t i o n  and removal of 
t h e  PCA. The quadr ipud  l e g s  are r i g i d l y  a t t a c h e d  t o  t h e  pane l  s..pport 
s r r r J c t u r e  a t  f o u r  f l a n q e  mot:nting p o i n t s  l o c a t e d  45" wi th  r e s p e c t  t o  t h e  
v e r t l c a l  and h o r i z o n t a l  dis!? axis .  The PCA suppor t  s t r u c t u r e  is dec igned  f o r  
minimum shad ing  o r  b lock ing  t o  ti-.? i t i c iden t  and ref I e c t e d  i n s c l a t i o n .  

The panel  s u p o r t  s t r u c t u r e  is a space frame r i n g  t r u s s  made of s t r u c t u r a l  
s tee l  tub ing .  The t r i a n g u l a r  t r u s s  r i n g  has  o u t r i g g e r  a t t achmen t s  t o  s u p p o r t  
t h e  r e f l e c t i v e  pane l s  !see f i g u r e  3 ) .  

The 64 r e f l e c t i v e  pane l s  are i n s t a l l e d  on t h e  r i n g  t r u s s  s t r u c t u r e  w i t h  
s t a t i c a l l y  d e t e r m i i a n t  t h ree -po in t  a t t achmen t .  These a t t achmen t s  have 
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s u f f i c i e n t  deg rees  of freedom t o  allow f i n e  t u n i n g  of t h e  composi te  
r e f l e c t i v e  s u r f a c e  f o r  i n s t a l l a t i o n  and o p t i c r l  a l i gnmen t s  and allow f o r  t h e  
p a n e l / s t r u c t * m e  d i f f e r e n t i a l  t he rma l  d isp lacements .  

The pane l  suppor t  s t r u c t u r e  is f a b r i c a t e d  i n  f i v e  d e t a c h a b l e  segments f o r  
shipment;  f o u r  r i n g  t r u s s  segments and one c e n t e r  frame segment. The 
segments are bolted t o g e t h e r  i n  t h e  f i e l d .  

The d r i v e  suppor t  s t r u c t u r e  s e r v e s  as a n  i n t e r m e d i a t e  s t r u c t u r e  between t h e  
r e f l e c t o r  assembly and t h e  p e d e s t a l .  The c e n t e r  hub c o n t a i n s  t h e  az imuth  
d r i v e  assembly and is p ivo ted  abou t  t h e  azimuth a x i s  at t h e  t o p  of t h e  
p e d e s t a l .  The space  frame arms of  t h e  d r i v e  s u p p o r t  s t r u c t u r e  p rov ide  
s u p p o r t s  f o r  t h e  e l e v a t i o n  h inge  abou t  which t h e  d i s h  is p ivo ted .  The t h i r d  
arm s u p p o r t s  t h e  e l e v a t i o n  a c t u a t o r  t run ion .  The azimuth d r i v e  t u r n t a b l e  
b e a r i n g  is connected LO t h e  mounting f l a n g e  on t h e  t o p  of t h e  p e d e s t c l .  

The PDC-2 s t r u c t u r e  has  been ana lyzed  t o  de te rmine  t h e  c o n t r i b u t i o n  of t h e  
s u p p o r t  s t r u c t u r e  d e f l e c t i o n  t o  t h ?  d i s h  o p t i c a l  error. I t  is de termined  
t h a t  t h e  c o n t r i b u t i o n  due t o  g r a v i t y  load ing  is approximate ly  1.5 mrad i n  t h e  
worst case when t h e  d i s h  is f a c i n g  the hor izon .  The e f f e c t  of o p e r a t i n g  wind 
l o a d s  is n e g l i g i b l e .  

PEDESTAL/FOUNDATION 

A s i n g l e  p i e r  founda t ion  of t h e  PDC-2 provides  a f i x e d  a x i s  about  which t h e  
c o n c e n t r a t o r  assembly is p ivoted .  The p e d e s t a l  is a 30-in. p ipe  t h a t  is 
embedded approximate ly  16 f t  i n  ;si-ired-in-place concre te .  The mounting 
f l a n g e  is f i e l d - l e v e l l e d  and welded t o  t h e  embedded p e d e s t a l .  

DRIVE SUBSYSTEM 

The PDC-2 can  be d r i v e n  independent ly  about  t h e  e l e v a t i o n  and azimuth axes  a t  
two speeds :  s l e w  and t r a c k i n g .  

The azimuth r o t a t i o n  is provided by a r i n g  g e a r l p i n i o n  d r i v e  mounred a t  t h e  
t o p  of t h e  p e d e s t a l .  The p i n i o n  is d r i v e n  by a 5-hp DC motcr th rough a 724:l 
g e a r  r educ t ion  t o  provide  t h e  necessa ry  mechanical  advantage.  Azimuth t r a v e l  
range  is between 0" and 310". 

The e l e v a t i o n  r o t a t i o n  is accomplished wi th  a 30-ton i n v e r t e d  b a l l  screw 
j a c t u a t o r  mounted between t h e  d r i v e  suppor t  s t r u c t u r e  and p a n e l  suppor t  
s t r u c t u r e .  The e l e v a t i o n  d r i v e  motor is a 15-hp DC motor. The range of 
e l e v a t i o n  t r a v e l  is between 0' ( f a c i n g  t h e  ho r i zon)  and 90" ( f a c i n g  t h e  
z e n i t h ) .  It shou ld  be noted  t h a t  t h e  normal c o n c e n t r a t o r  du ty  c y c l e  r e q u i r e s  
small f r a c t i o n  of t h e  des ign  ra'ltig of  t h e  motors and t h e  p a r e s i t i c  energy  
consumption is small. 

DC motors were found t o  o f f e r  clear adva; tages  over  AC motors  f o r  t h i s  
a p p l i c a t i o n .  The advantages  of DC motors as they  relate to  t h e  PDC-2 
a p p l i c a t i o n  inc lude :  wider  range of speed c o n t r o l ,  ease of speed ,  
accclerationldecelleration and to rque  c o n t r o l ,  h ighe r  t o r q u e  c a p a c i t y ,  qu ick  
r e v e r s i n g  and b rak ing  and lower cost i n  t h e  5 t o  15 hp s i z e  range. 
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The d r i v e  c o n t r o l  provides dynamic braking t o  b r ing  t h e  concen t r a to r  t o  a 
s top .  I n  a d d i t i o n ,  a mecnanical brake is provided f o r  e l e v a t i o n  d r i v e  t o  
hold t h e  concen t r a to r  s t a t i o n a r y  once i t  has come t o  a s t o p  under t h e  stow 
and ope ra t ing  condi t ions.  

ELECTRICAL AND CONTROL SUBSYSTEMS 

The e lectr ical  subsystem provides power t o  t h e  concen t r a to r  d r i v e s  and 
t r ansmi t s  t he  output  power from t h e  PCA t o  a rec t i f ie r  box mounted on a rack 
nea r  t h e  pedes t a l .  

The concen t r a to r  c o n t r o l  subsystem c o n s i s t s  of :  

a. Cen t ra l  c o n t r o l s  t h a t  provide t h e  p l a n t  l e v e l  c o n t r o l  i n t e r f a c e  with 

b. Power conversion system i n t e r f a c e  c o n t r o l s  
c. Local concen t r a to r  c o n t r o l  subsystem 

t h e  concen t r a to r  

The l o c a l  concen t r a to r  c o n t r o l  elements c o n s i s t  of a sun sensDr, azimuth and 
e l e v a t i o n  p o s i t i o n a l  feedback devices  ( encode r s ) ,  l i m i t  sw i t ches ,  d r i v e  
c o n t r o l l e r ,  and t h e  remote c o n t r o l  i n t e r f a c e  assembly (RCIA). 

The d r i v e  c o n t r o l l e r  c o n s i s t s  of t h e  azimuth and e l e v a t i o n  motor speed 
c o n t r o L s r s  and a manual c o n t r o l  s t a t i o n .  The c o n t r o l s  are set up f o r  
two-;peed ope ra t ion  from t h e  panel  o r  RCIA. 
speeds i n  t r a c k i n g  and stow are O.lo/sec and 1.2"/sec, r e s p e c t i v e l y ,  with 
speed c o n t r o l  r e p e a t a b i l i t y  of +10 percent .  The d r i v e  c o n t r o l l e r  a l s o  
provides independently a d j u s t a b i e  a c c e l e r a t i o n  and d e c e l e r a t i o n  con t ro l s .  
is  housed i n  a NEMA 3 double door cab ine t  with hea t  exchanger f o r  
high-temperature outdoor operat ion.  

The a z i m t h  and e l e v a t i o n  d r i v e  

It 

The RCIA con ta ins  the  c o n t r o l  a lgori thms and l o g i c  f o r  sun t r a c k i n g  and 
i n t e r f a c e  with t h e  c e n t r a l  c o n t r o l s .  The sun t r a c k i n g  is a hybrid sys tem.  
R C I A  c a l c u l a t e s  ephemeris d a t a  t o  provide coarse  t r a c k i n g  s i g n a l s  t o  t h e  
concentrator .  The sun sensor  provides  the  f i n e  "sun t r a c k  mode" s i g n a l .  
During i n t e r m i t t e n t  cloud c w e r a g e ,  t h e  concen t r a to r  goes i n t o  the  ephemeris 
t r a c k  mode where it  fol lows t h e  sun path. :he concen t r a to r  can a l s o  fo l low 
t h e  sun path i n  t h e  o f f s e t  t r a c k  mode where i t  performs ephemeris t r a c k  wi th  
a n  angle  bias .  Other concen t r a to r  c o n t m l  modes include a c q u i s i t i o n  and 
de t r ack  from sun and stow command. The concen t r a to r  c o n t r o l  is a f a i l  s a f e  
system and causes the  concen t r a to r  t o  go t o  stow i f  t h e r e  is a power or 
sof tware f a i l u r e .  An emergency back-up generator  i s  r equ i r ed  a t  t h e  system 
l e v e l  t o  provide power i n  case of g r i d  power f a i l u r e .  L i m i t  switches are 
provided t o  s t o p  movement of t he  concen t r a to r  beyond c e r t a i n  p o s i t i o n  i n  each 
d i r e c t  ion. 

PROJECT STATUS 

The PDC-2 design development is complete and t h e  d e t a i l e d  design drawings 
have been prepared. S p e c i f i c a t i o n s  r'or procurement of a l l  concen t r a to r  
components have been prepared and issued f o r  competi t ive bidding. The 
subcon t rac t s  f o r  d e l i v e r y  of t he  support  s t r u c t u r e ,  ref i e c t i v e  s u r f a c e  mi r ro r  
g l a s s ,  d r i v e  motors and c o n t r o l l e r s ,  e l e v a t i o n  d r i v e  j a c t u a t o r ,  azimuth d r i v e  
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speed reducer and t h e  r i n g  gear t u r r e t ,  have been placed and they are 
c u r r e n t l y  at  va r ious  stages of f a b r i c a t i o n .  

A semi-automated techniqae f o r  f a b r i c a t i o n  of t h e  r e f l e c t i v e  panels  has been 
developed, including the  c e l l u l a r  g l a s s  sanding and mi r ro r  bonding and 
s e a l i n g .  Two p a r t i a l  f u l l - s c a l e  p ro to type  panels  have been f a b r i c a t e d  t o  
v e r i f y  the  design and demonstrate t h e  v i a b i l i t y  of the foamglass sanding 
technique. The p a r t i a l  f u l l - s c a l e  prototype panel was designed as a t r u e  
section of t h e  f u l l  s ize  o u t e r  panel  t o  s imula t e  t h e  f e a t u r e s  of t h e  f u l l  
pane l  as c l o s e l y  as poss ib l e .  

The p a r t i a l  f u l l - s c a l e  panels  are scheduled f o r  o p t i c a l ,  s t r u c t u r a l ,  and 
environmental  t e s t i n g  a t  Sandia. 
requirements f o r  production of t he  r e f l e c t i v e  panels  have been prepared. The 
long l ead  f a c t o r y  equipment have been ordered. 

The f a c t o r y  l ayou t  and t o o l i n g  d e s i g r  

The f i n a l  s t a g e  and remaining t a s k  i n  t h e  PDC-2 development w i l l  be t h e  
completion of f a b r i c a t i o n  and t e s t i n g  of a prototype module. 

i 
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- smi ttance-Optimi zed, Poi nt-Focus Fresnel 
Lens Sclar Concentrator 

Mark J. O'Neill 
E h T E C H ,  INC. 

P. 0. BOX 612246 
DFW Airport, Texas 75261 

INTRODUCTION 

ENTECH,  INC. ( a  new company which purchased E-Systems Energy Technology 
Center i n  October 1983) i s  currently developing a point-focus Fresnel len; 
solar concentrator f o r  high-temperature solar thermal energy s' :tern 
appl  i cat i ons. The concentrator u t i  1 izes a transmi ttance-optimi zed, 
short-focal-length, dome-shaped refractive Fresnel lens as the optical 
element. T h i s  unique, patented (Ref. 1) concentrator combines both excel lent 
optical performance and a large tolerance f o r  manufacturing, deflection, and 
tracking errors. 

Under Jet Propulsion Laboratory (JPL) f u n d i n g ,  ENTECh has completed the 
conceptual design of an 11-meter iiameter concentrator which c,hould provide an 
overall collector solar-to-thermal efficiency of about 70% a t  an 815°C 
(1500°F) receiver operating temperature and a 1500X geometric concentration 
r a t i o  (lens aperture area/receiver aperture area). 

I n  the following paragraphs, a review of the Fresnel concentrator 
development program will be presented, including a description of the 
concentrator, a summary o f  i t s  expected performance, the key features of the 
lens, a parquet approach t lens manufacturing, a description of a prototype 
lens panel, the results of optical testing of the prototype lens panel, and a 
discussion of a practical mass proouction approach for the lens panels. 

CONCENTRATOR DESCRIPTION 

The point-focus lens concentrator i s  shown i n  Figure 1 and described in 
Table 1. The optical element i s  a convex, dome-shaped, acrylic Fresnel lens. 
The dome consists of ten conical-segment rings, which are each f l a t  i n  the 
r a d i a l  direction and curved i n  the circumferential direction. The rim angle 
of the lens (from optical axis t o  outermost prism) i s  45 degrees. Each of the 
conical-segment rings i s  about 61 cm wide, w i t h  a smooth outer surface and a 
prismatic inner surface. The lens i s  made of uv-stabilized acrylic plastic, 
about  2.4 mm thick. Steel space-frame structure i s  employed for bo th  the 
basic concentrator and the pedestal. Reinforced concrete i s  used f o r  the 
foundation. The t racking  system provides fu l l  two-axis sun-tracking and 
inverted (lens-down) stowage. The Fresnel concentrator wi 11 be adaptable t o  a 
wide variety of receivers currently under development by JPL and others. The 
a i r  volume between lens and receiver i s  enclosed w i t h  a thin a l u m i n u m  conical 
shroud t o  minimize d i r t  and moisture accumulation on the inner surface of the 
lens. A slight pressuriza+;on of this  a i r  volume may be desitable f o r  d u s t  
inf i l t ra t ion prevention. The total  concentrator weight i s  about 13,000 pounds 
(13 pounds per square f o o t  of aperture). 
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CONCENTRATOR PERFORMANCE SUMMARY 

.. : c  
The po in t - focus  Fresnel  concentrator  performance i s  summarized i n  Tabl,: 2 

f o r  two cases o f  p r a c t i c a l  importance. The f i r s t  case corresponds t o  a 
high-temperature rece ive r  which would be requ i red  f o r  a Brayton o r  S t i r l i n g  
engine app l i ca t i on .  For t h i s  case, a 1500X geometric concentrat ion r a t i o  i s  
u t i l i z e d  (corresponding t o  a r e c e i v e r  aperture diameter o f  0.28 meter). A f t e r  
t r e a t i n g  r e f l e c t i o n / a b s o r p t i o n  losses i n  the a c r y l i c  lens, 90% o f  the  s u n l i g h t  
i s  t ransmit ted.  O f  t h i s  t ransmi t ted  sunl ight ,  about 92% i s  contained w i t h i n  
the l i m i t e d  0.28 meter r e c e i v e r  aper ture c i r c l e ;  i.e., 92% i s  t he  r e c e i v e r  
i n t e r c e p t  f a c t o r .  About 6% of the lens apert l i re i s  blocked by s t ruc tu re ;  thus 
the blocking/shadiog f a c t o r  i s  94%. A f t e r  a71 o f  these loss  mechanisms are 
considered, t he  o v e r a l l  o p t i c a l  e f f i c i e n c y  i s  78%. S t i l l  cons ider ing Case 1: 
t h i s  78% op i c a l  e f f i c i e n c y  f o r  an 11-meter diameter concentrator  ( spe r tu re  

59 kw ( thermal)  under a d i r e c t  i n s o l a t i o n  o f  800 w/m? Assurning an 815°C 
rece ive r  temperature, t he  b lack  body thermal r a d i a t i o n  l oss  w i l l  be 5 kw 
( thermal) .  Thus, the ne t  c o l l e c t o r  o u t p t  w i l l  be 54 kw ( thermal) ,  
correspondicg t o  a 71% o v e r a l l  c o l l e c t o r  e f f i c i e n c y .  

For the second case i n  Table 2, a lower temperature rece ive r  i s  assumed, 
corresponding t o  a Rankine engine app l i ca t i on .  For t h i s  lower temperature, a 
lower geometric concentrat ion r a t i o  (500X) prov ides b e t t e r  o v e r a l l  c o l l e c t o r  
performance. A f te r  cons ider ing the same loss f a c t o r s  described above, t he  
concentrator  o p t i c a l  e f f i c i e n c y  i s  83%, t h i s  h igher  value being a t t r i b u t a b l e  
t o  a b e t t e r  rece ive r  i n t e r c e p t  f ac to r  f o r  t he  l a r g e r  r e c e i v e r  aper ture 
diameter (0.49 meter) .  A f t e r  sub t rac t i ng  the 2 kw ( thermal)  black-body 
r a d i a t i o n  l o s s  corresponding t o  a r e c e i v e r  temperature o f  37loC, the n e t  
c o l l e c t o r  output  w i l l  be 61 kw ( thermal) ,  eqy i va len t  t o  an o v e r a l l  c o l l e c t o r  
e f f i c i e n c y  o f  80%. 

area = 95 m i ) corresponds t o  a black-body r e c e i v e r  ener y absorpt ion r a t e  o f  

KEY LENS FEATURES 

The patented ENTECH concentrator  i s  a dome-shaped Fresnel  lens w i t h  a 
smooth ou te r  surface and a p r i sma t i c  inner  sbrface. The lens i s  a convex, 
non-spherical-contour lens, i n  which each pr ism t ransmi t s  d i r e c t  so la r  rays  
w i t h  equal angle; o f  incidence and exciaence, as shown i n  F igu re  2. Th i s  
incidence/excidence symmetry ( a l s o  c a l l e d  the minimum d e v i a t i o n  c o n d i t i o n )  
provides each pr ism w i t h  the lowest poss ib le  r e f l e c t i o n  losses, and thereby 
the h ighest  poss ib le  t ransmit tance, f o r  t h a t  p r i sm 's  l i g h t  d e v i a t i o n  ( t u r n i n g )  
angle, as proven r i g o r o u s l y  i n  Reference 1. I n  a d d i t i o n  t o  maximal 
t ransmit tance, t h i s  minimum-deviation-prism lens a l so  prov ides a maximal 
to lerance f o r  lens contour e r r o r s  (s l3pe e r r o r s ) ,  an improved to lerdnce f o r  
lens manufacturing e r r o r s  (p r i sm anguldr e r r o r s  and rounded pr ism peaks), and 
a smal ler  s o l a r  image s i z e  ( i n c l u d i n s  f i n i t e  s o l a r  d i s k  angular diameter and 
chromatic abe r ra t i on  e f f e c t s ) ,  when ccmpared t o  prev ious f l a t  and spher i ca l  
contour lenses. The o p t i c a l  ?Lr-formance s u p e r i o r i t y  o f  the new lens i s  f u l l y  
descr ibed i n  References 2 and 3. Perhaps the most important a t t r i b u t e  o f  the 
new transmit tance-opt imized lens i s  i t s  h igh s lope e r r o r  to lerance, which 
a l lows a subs tan t i a l  r e l a x a t i o n  o f  the s u p p w t  s t r u c t u r e  st ' f fness 
requirements, and thus a s i g n i f i c a n t  reduct ion i n  weight and cost  o f  t he  
concentrator.  Compared t o  a r e f l e c t i v e  concentrator  (e.y., a 45 degree rim 
angle pa rabo l i c  d i sh ) ,  t he  Fresnel  lens concentrator  i s  more than 100 t imes 
more t o l e r a n t  o f  r a d i a l  slope e r ro rs ,  as d ramat i ca l l y  i I l u s t i  l t e d  i n  F igu re  3. 



PARQUET LENS MANUFACTURING APPROACH 

One t o t e n t i a l  l y  low-cost manufacturing approach f o r  t he  point - focus l e n s  
. i s  t he  parquet apprdach o f  F igu re  4. The dome c o n s i s t s  o f  con ica l  segments 

which a re  curved i n  the c i r c u m f e r e n t i a l  d i r e c t i o n  and s t r a i g h t  i n  the  r a d i a l  
d i r e c t i o n .  Th is  approach a l l ows  the  a c r y l i c  p l a s t i c  l ens  m a t e r i a l  t o  be made 
i n  f l a t  form and mechanical ly he ld  i n  the con ica l  geometry i n  the  completed 
concentrator.  The unfolded f l a t  con ica l  segments can be subdivided i n t o  a 
number of i d e n t i c a l  lens panels. While these panels would i d e a l l y  u t i l i z e  
prisms running circumfei  e n t i a l l y  along concentr ic  c i r c l e s ,  c u r r e n t  
manufacturing approaches f o r  l e n s  t o o l i n g  can n o t  achieve these la rge - rad ius  
non- l inear prisms. For tuqate ly ,  proven manufacturing approaches are a v a i l a b l e  
f o r  makiny l i n e a r  p r i sma t i c  t o o l i n g .  Thus, the lens panel o f  F igu re  4 i s  
conf i Gured t o  approximate the  i d e z l  curved-pr i  sm geometry by u t i  1 i z i  ng a 
parquet o f  l i n e a r  pr ism elements. The two key va r iab les  o f  t h i s  parquet l e n s  
approach are t he  element w id th  (w) and the  gap w id th  (9 )  between elements, 
s ince the element w id th  causes a f o c a l  plane image enlargement and since the  
gap width causes t ransmi t tance losses. Prototype f a b r i c a t i o n  e f f o r t s  have 
proven t h a t  the gap w id th  can be maintained a t  about 0.5 mm. Element w i d t h  
s e l e c t i o n  i s  based un o p t i c a l  analyses discussed below. 

Op t i ca l  analyses o f  t he  parquet lens concentrator  have been completed. 
These analyses are based upon cone op t i cs ;  i.e, t he  t h e o r e t i c a l  mapping o f  t l  5 
con ica l  burldles o f  r a d i a t i o n  which o r i g i n a t e  a t  t he  s o l a r  disk,  which are 
i n c i d e n t  upon the  lens outer  surface, and which form e l l i p t i c a l  images i n  t h e  
f o c a l  plane, as shown i n  F igu re  5. Because o f  d i spe rs ion  (chromat ic 
aberrat ion) ,  the so la r  images o f  d i f f e r e n t  wavelengths are spread across the  
f o c a l  plane, as shown i n  F igure 5. For any f i x e d  r e c e i v e r  aper ture diameter 
and any p a r t i c u l a r  pr ism i n  the  lens, t he  design wavelength can be se lected t o  
minimize the energy missing the r e v i v e r  aperture,  and thus t o  maximize t h e  
i n t e r c e p t  f a c t o r .  The cu r ren t  lens has been t a i l w e d  f o r  a 1500X design 
concentrat ion r a t i o  by proper l y  vary ing the design wavelength f o r  t h e  var ious 
p r i  sms compri s ing the  lens. 

For the parquet lens approach, t he  e f f e c t  o f  the parquet element on l ens  
focussing i s  the format ion oc a l i n e a r  so la r  image i n  t h e  t ransverse d i r e c t i o n  
o f  F igu re  5, w i t h  the  t o t a l  image t ransverse l eng th  being equal t o  the parquet 
element w id th  (w) p l u s  the s o l a r  d i s k  image width.  The computer model t r e a t s  
t h i s  parquet element e f f e c t  and c a l c c l a i e s  the r a d i a n t  f l u x  p r o f i l e  i n  t h e  
f o c a l  plane by i n t e g r a t i n g  over a l l  c o n t r i b u t i n g  p o r t i o n s  o f  the l e n s  
( t r e a t i n g  the l o c a l  lens t ransmit t i ince),  and over a l l  c o n t r i b g t i n g  
wavelengths, t o  de f i ne  the t o t a l  r a d i a n t  f l u x  concentrat ion a t  each p o i n t  i n  
the  foca l  plane. Resul ts o f  such a f l u x  p r o f i l e  c a l c u l a t i o n  f o r  several  
parquet element widths are shown i n  F igure 6. The r a d i a n t  f l u x  i s  normal ized 
by the one-sun d i r e c t  s o l a r  f l u x  i n c i d e n t  on the  lens, w h i l e  the  r a d i a l  
p o s i t i o n  i n  the f o c a l  plane i s  normplized by the l e n s  aper ture rad ius,  f o r  t he  
r e s u l t s  shown i n  F igure 6. As expected, t he  l a r g e r  the  parquet element width, 
the more spread ou t  the image becomes. However, the image spreading e f f e c t  i s  
smal l  f o r  element widths of 5 inches and less,  when one notes t h a t  a 1500X 
geometric concentrat ion r a t i o  corresponds t o  a r e c e i v e r  normalized r a d i u s  
( P/R)  o f  2 6 ~ 1 0 - ~  i n  F igure 6. The f l u x  p r o f i l e  labeled W=O represents the  
i d e a l  l ens  w i t h  non- l inear  prisms. 
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The f l u x  p r o f i l e s  o f  F igure 6 can be i n t e g r a t e d  over var ious s i z e  receiver  
c i r c l e s  t o  d e f i n e  the o v e r a l l  energy i n t e r c e p t i o n  r a t e  f o r  var ious geometric 
concentrat ion r a t i o s .  The r e s u l t s  o f  such an i n t e g r a t i o n  a re  shown i n  F igure 
7, wherein t h e  i n te rcep ted  energy r a t e  has been normalized by t h e  energy r a t e  
i n c i d e n t  on t h e  lens ou te r  surface; thus t h e  e f f e c t i v e  t r a n m i t t a n c e  (op t i cz !  
eT f i c iency )  i s  shown as a f u n c t i o n  o f  geometric c o n c e n t r a t i m  r a t i o  f o r  lenses 
w i t h  va r ious  parquet element widths. (The r e s u l t s  o f  F igu re  7 do n o t  i nc lude  
absorpt ion losses w i t h i n  t h e  t h i n  a c r y l i c  lens, which are expected t o  be 1-2%, 
based upcc measurements f o r  s i m i l a r  a c r y l i c  Fresnel  lenses. Also, t h e  r e s u l t s  
i n  F igure 7 do n o t  i nc lude  s t r u c t u r a l  b locking/shading losses. although t h i s  
6% l o s s  was inc luded i n  Table 2.) Note t h a t  wide parquet element b i d t h s  work 
w e l l  for. low geometric concen t ra t i on  r a t i o s ,  b u t  n o t  w e l l  f o r  h i g h  geometric 
concentrat ion r a t i o s ,  due t o  t h e  iniage spreading e f f e c t  o f  the parquet width. 
Note a i s 3  t h a t  t he re  e x i s t s  an opt imal element w i d t h  f o r  each value o f  
geometric concentrat ion r a t i o ,  t h i s  optimum corresponding t o  the  best t r a d e o f f  
o f  image spreading losses (which increase w i t h  t lement w id th )  and gap losses 
(which decreaqe w i t h  element w i d t h  s ince g/w represents the  l o s t  gap area 
f r a c t i o n ) .  For 1500X geometric concent,*at ion r a t i o ,  element widths o f  2, 3, 
and 4 inches prov ide e s s e n t i a l l y  equal performance. To minimize lens 
complexity, t h e  4- inch element w id th  has been se lected f o r  prototype 
f a b r i c a t i o n ,  as discussed below. 

PROTOTYPE LENS PANEL - 
A pro to type  l e r  5 panel, us ing the  parquet lens manuf a c t u r i  ng approach, has 

been f a b r i c a t e d  f o r  o p t i c a l  t e s t i n g .  This  panel i s  descr ibed i n  Table 3. The 
panel represents  one p a r t  o f  t he  c o n i c a l  r i n g  l oca ted  between 27.9' and 32.1' 
o f  l o c a l  r i m  angle, measurdd f rom t h e  lens o p t i c a l  axis.  Th is  segment was 
se lected f o r  prototype f a b r i c a t i o n  because i t s  o p t i c a l  performance i s  t y p i c a l  
o f  t he  f u l l  dome lens performance. A no i n a l  2 f o o t  by 4 f o o t  panel s i z e  was 
se lected f o r  prototype f a b r i c a t i o n ,  us ing 12 l i n e a r  p r i s m a t i c  parquet elements 
o f  4 i n c h  average element w id th  ( w )  t o  form the 4 f o o t  curved dimension o f  t he  
panel. The l i n e a r  p r i s m a t i c  elements were made by 3M Corporat ion t o  ENTECH's 
spec i f i ca t i on ,  us ing  3M s low-cost l e n s f i l m  process. The twelve elements were 
solvent-bonded t o  a s i n g l e  p iece  o f  extruded a c r y l i c  sheet t o  form the  f i n a l  
panel. The e n t i r e  laminated panel thickr,ess i s  about 0.1 inch. 

LENS PANEL OPTICAL TESTING 

O p t i c a l  performance t e s t i n g  o f  the prototype lens  panel has been 
success fu l l y  compieted. The panel and a focal -p lane r a d i a n t  f l u x  measurement 
system were mounted on a two-axis t rack i r l g  s t ruc tu re ,  which was manually 
po inted a t  t he  sun. The geometr ical  arrangement o f  t he  panel and f o c a l  p lane 
was maintained according t o  the  design o f  the f u l l  dome lens. The 
r a d i a n t - f l u x  measurement system consis ted o f  e i g h t  independent ly wired s i l i c o n  
p h o t o v o l t a i c  c e l l s  mounted i n  a l i n e  on a water-cooled heat s ink.  The c e l l s  
were s p e c i a l l y  designed f o r  concentrzted s u n l i g h t  by Appl ied Solar Energy 
CorpJrat ion.  The l i n e a r  a r ray  o f  c e l l s  was motor-dr iven t o  scan the  f o c a l  
plane a t  t he  r a t e  o f  about 1 i n c h  per second. 

P r i o r  t o  each t e s t  run, t h e  c e l l s  were i n d i v i d u a l l y  c a l i b r a t e d  t o  
determine the  r r o p o r t i o n a l i t y  f a c t o r  between s h o r t - c i r c u i t  cu r ren t  and 
i r rad iance.  Th is  c a l i b r a t i o n  was done two ways. With the  panel covered t o  
prevent focuss ing onto the  c e l l s ,  t he  s t r u c t u r e  was oointed a t  t h e  sun and 



each c e l l  was placed a t  the bottom o f  a black c y l i n d e r  which blocked d i f f l l s e  
s u n l i g h t  w h i l e  a l l ow ing  d i r e c t  s u n l i q h t  t o  reach the c e l l .  The c e l l  
s h o r t - c i r c u i t  c l r r rec t  was then d i v i d e d  b j  a pyrhel iometer d i r e c t  i n s o l a t i o n  

:% measurement t o  o b t a i n  the p r o p o r t i o n a l i t y  constant. The second c a l i b r a t i o n  
(- was done w i t h  3 shaaing d i s k  over each c r t l l ,  i ns tead  o f  the c o l l i m a t i n g  
' cy l i nde r .  The d i f f e rence  i n  wl! s h o r t - c i r c u i t  cu r ren t  between f u l l y  ' .  . i l l u m i n a t e d  (no d i s k )  and shaded [ w i t h  d i s k )  c c n d i t i o n s  was d i v i d e d  by the  

pyrhel iometer d i r e c t  i n s o l a t i o l t  mec,-rement t o  o b t a i n  the  p r o p o r t i o n a l i t y  
constant. Both constants agreed w i t h  one ai ioiher f c r  each c e l l ,  v e r i f y i n g  the  
c a l i b r a t i o n .  

An ac tua l  t e s t  r u n  consis ted o f  f i r s t  measuring the t o t a l  i r r a d i a n c c  on each 
c e l l  w i t h  the panel co\ce!red and the s t r u c t u r e  pointed a t  t he  WI. T h i s  
prov ided the  base l i ne  f r rad iance  on each c e l l .  Next, t he  panel was uncovered 
and the c e l l s  were d r i v e n  across the f o c a l  plane, w h i l e  mon i to r i ng  t h e i r  
s h o r t - c i r c u i  t - c u r r e n t  outprrts w i t h  an eight-channel s t r i p - c h a r t  recorder.  The 
measured r a d i a n t  f l u x  p r o f i l e  minus the  base l i ne  i r r a d i a n c e  thus prov ided a 
two-dimensional f l u x  map f o r  t he  f o c a l  plane. Th is  f l d x  map was then 
i n t e g r a t e d  over var ious s i z e  r e c e i v e r  c i r c l e s  t o  prov ide the i n t e r c e p t e d  
energy t r a n s f e r  ra te .  The p ro jec ted  area o f  t he  panel t imes the  measured 
c i i r ec t  i n s o l a t i o n  provided the  i n c i d e n t  et.ergy t r a n s f e r  ra te .  The r a t i o  of 
i n te rcep ted  t o  i n c i d e n t  energy t r a n s f e r  r a t e  i s  t he  o p t i c a l  e f f i c i e n c y  of tne 
panel f o r  each rece ive r  c i r c l e ,  which re ' lates t o  geometric co rce f i t ra t i on  r a t i o .  

Key r e s u l t s  o f  t he  t e s t i n g  ar2 presented i n  F igure 8 arid Table 4. F igu re  8 
shows the  i n t e r c e p t  f a c t o r  versus rece ive r  c i r c l e  rad ius.  I n t e r c e p t  f a c t o r  i s  
here def ined as t $ e  o p t i c a i  e f f i c i e n c y  f o r  a g iven r e c e i v e r  r a d i u s  d i v i d e d  by 
the o p t i c a l  e f f i c i e n c y  f o r  a l a rge  rece ive r  rad ius  o f  13.66 inches. Taale 4 
shows the measured versus p red ic ted  o p t i c a l  2 f f  i c i e n c y  f o r  var ious peonetr ic  
concentrat ion r a t i o s .  (For the  dome lens, geor,?tr ic c@ncentrat lun r L t i 3  i s  o f  
course the square o f  the r a t i o  o f  lens aper ture r a d i u s  (18 f e e t )  a i v i d e d  by 
r e c e i v e r  c i r c l e  radius.)  The prototype lens  panel had a continuous l i n e a r  
de fec t  cover ing about 3.7% o f  i t s  ared due t o  poor l a n i n a t i o n  o f  t h e  l e n s f i l m  
t o  the a c r y l i c  superstrate.  This  defect  was n o t  o p t i c a l l y  t ransparent.  I f  
the d e f e c t i v e  area i s  subt racted from the lens panel area, :#it? ̂c r rec ted  
e f f i c i e n c y  numbers oecome those shown i n  the f i n a l  column o f  Table 4. Note 
t h a t  f o r  t he  design concentrat ion r a t i o  o f  1500 X ,  t he  p red ic ted  o p t i c a l  
e f f i c i e n c y  was 82%, not  & a n t i n g  f o r  absorpt ion o r  s c a t t e r i n g  losses. The 
mea5Jrnd e f f i c i e n c y  was 77%, whi l e  the corrected measured e f f i c i e n c y  yes 80%. 
This c lose  c o r r e l a t i o n  between measured and o red ic ted  o p t i c a l  effic1e;:c.y 
v e r i f i e s  the  f o l l o w i n g  po in ts :  

c .  ( 1 )  The don2 lens wil l  perform e f f i c i e n t l y  a t  h igh  concentra- 
t i o n  r a t i o s .  

( 2 )  The dome lens can be made as a parquet of l i n e a r  lens 
segments. 

( 3 )  The o p t i c a l  e f f e c t  o f  manufacturing and al ignment e r r o r s  on 
dome len; performance i s  n e g l i g i b l e ,  s ince these e r r o r s  
were no t  included i n  the  a n a l y t i c a l  p red ic t i ons ,  w h i l e  the  
p r s t o t x e  was crudely  assembled and al igned. 

( 4 )  The dome lens o p t i c a l  performance i s  i x c u r a t e l y  p r e d i c i e d  
w i t h  a simple d i spe rs i ve  cone o p t i c s  conputer code. 
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OF c!dbLik . Ob DOME LtNS PANELS 

While the  method o f  manufacturing o f  t h e  p ro to type  panel was labo r -  
intensive,  r e q u i r i n g  the l i n e a r  lens segments t o  be c u t  i n t o  t rapezo ida l  
shapes and laminated t o  a s i  ngle-piece superstrate,  t he  parquet geometry 
provided exce l l en t  o p t i c a l  performance. I f  the  lens parquet panels cou ld  be 
made w i thou t  the c u t t i n g  and i n t e g r a t i o n  o f  t he  small  segments, the dome lens  
approach would be f a r  more p r a c t i c a l .  For tunate ly ,  such a p r a c t i c a l  
mass-production approach i s  now avai lab le,  as descr ibed below. 

3M Company, under Sandia Na i  ional  Laborator ies - Albuquerque funding, has 
t h i s  year adapted t h e i r  low-cost, continuous l e n s f i  l m  process f o r  making 
p r i sma t i c  sheet t o  lens designs w i thou t  l i n e a r  pr ism geometry. 3M h-. 
successfu l ly  made parquets o f  annular-prism po in t - focus  lenses by t h e  lensf  n 
process. This  achievement means t h a t  the dome leos  panels could a l so  be rrade 
by the l e n s f i l m  process. The l e n s f i l m  t o o l i n g  would i nc lude  the  parquet of 
l i n e a r  lens elements i n  the  t o o l i n g  i t s e l f .  Thus, t h e  l e n s f i l m  produced on 
the  t o o l i n g  would cons is t  o f  a continuous s t r i ?  o f  a c r y l i c  sheet w i t h  dozens 
o f  panels ( l i k e  the one shown a t  t h e  bottom of Figure 4: reproduced one a f t e r  
the other on the s t r i p .  These panels could be e a s i l y  c u t  out  of t he  s t r i p ,  
s ince l e n s f i l m  i s  o n l y  0.5 mm t h i c k .  The completed panel could be laminated 
t o  a t h i c k e r  superstrate i f  requi red;  however, w i t h  the  l a rge  e r r o r  to lerance 
ot the dome lens, i t  i s  q u i t e  poss ib le  t h a t  the l e n s f i l m  could  be used w i t h o u t  
a superstrate, espec ia l l y  so i f  the dome i n t e r i o r  i s  s l i g h t l y  pressurized. 
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RECOMMCNOEO SYSTEM OESCRlPllOW 

TABLE 2 
I SVST€M PERFORMANCE SUMMARY 

0 OPTICAL PERFORMANCE CASE I CASE II 

500 
90% 
99% 
94% 
83% 

GEOMETRIC CONCENTRATION RATIO 
LENS TRANSMlllANCE 
RECEIVER INTERCEPT FACTOR 
BLOCKING/SHAOING FACTOR 
OVERALL OPTICAL EFFICIENCY 

1500 
90% 
92% 
94% 
78% 

0 THERMAL PERFORMANCE (@ 800 W A l T S / W  INSOLATION) 

RECEIVER CAVITY TEMP 815°C (1500OF) 
RECEIVER RADIATION THERMAL LOSS 
COLLECTOR NET OUTPUT 
COLLECTOR OVERALL EFFICIENCY 71% 

5 KW (THERMAL) 
54 KW (THERMAL) 

371 OC (7005) 
2KW (THERMAL) 
61 KW (THERMAL) 
80% 
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ORIGINAL P:-..’iZ :?j TABLE 3 
OF PO02 QilAL5- f  

PROTOTYPE LENS P A t K L  

ENTECH, INC. 
* LOCATION W I T H I N  DOHE LENS - COIIICAL SEGMENT BOUNDEO BY LOCAL R I M  AtiGLES OF 27.9’ 

AND 32.1’. 

PANEL S I Z E  - Li FEET AVERAGE CIRCUMFERENTIAL 
STRAIGHT LEHGTH. 

COIiF IGURATIOti  

MATERIALS 

- 12 LINEAR PRISMATIC ELEMENTS. 
FEET LEIIGTH. 

ARC LEHGTH BY 2 FEET 

I I l C H  AVERAGE HIOTH BY 2 

- LINEAR PRISMATIC ELEMEtiTS NADE OF 311 ACRYLIC L i t i s - F I L M .  
SOLVEIIT-BONDED TO SI l lGLE PIECE OF EXTRllGElj ACRYLIC 
SHEET - TOTAL PAtIEL THICKfiESS 0.1 If iCH. 

TABLE 4 

PREOICTED VERSUS fiEASURED OOHE L E I 6  OPTICAL EFF I C I E t l C Y  

ENTECH, INC. 
CORRECTED’ 

GEOHETRIC PREDICTED NEASURED tlEASUREL 
COfICEfITRATION OPTICAL OPTICAL OPTICAL 
RATIO l23xIfm CFFlClErlCY EELuuu 

1000 x 85Z 792 822 

1250 X 8qZ 782 812 

1 5 0 0  X 822 772 802 

1750 X 80’2 751 782 

V 

r- 

2000 x 772 742 772 

* CORRECTING FOR A 3.71 NON-TRANSPARANT D E F E C T I V E  AREA ON THE PROTOTYPE LENS PANEL. 
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A Cassegrainian solar concentrator, using a 7-meter diameter primary 
reflector, is analyzed in three forms: 1) an unmodified Cassegrainian, 
2 )  the Ritchey-Chretien configuration, and 3)  the unmodified Cassegrainian 
with a nonimaging tertiary reflector. Performance was not significantly 
improved with the Ritchey-Chretien; however, the tertiary resulted in sig- 
nificant improvement in intercept factor and optical efficiency. 

INTRODUCTION 

The Chssegrainian optical configuration consists of a parabolic primary 
reflector and a hyperbolic secondary mirror. A solar concentrator designed 
using this configuration can benefit by allowing a more flexible receiver 
design, since it no longer has t o  be supported at the primary focal point. 
The main disadvantages of the Cassegrainian configuration are the additional 
refiection and blocking due to the secondary. 

In addition to the "true" Cassegrainian described above, a variant, referred 
to as the iIitchey-Chret;sn, has been studied. The Ritchey-Chretien (R-C) 
has a slightly hyperbolic primary with the secondary adjusted accordingly. 
These modifications correct the system for the off-axis aberration referred 
to as coma. Since the sun is not a point source, much of the incoming 
insolation is off of the optical axis, causing coma. Elimination of coma 
should decrease the overall spot size at the focal plane, increasing the 
intercept factor for a given concentration ratio. 

A nonimaging tertiary reflector, added at the focal point of the system, can 
improve the optical performance of the Cassegrainian. The configuration 
considered for this application is the hyperbolic flowline concentrator, as 
described by Winston (1). This design has the advantage over other non- 
imaging concentrators such as the compound elliptic concentrator (CEC), of 
affecting only the edges of the beam, thus reducing the overall refle7tion 
losses. 

METHOD OF ANALYSIS 

This study has used a Monte-Carlo ray trace computer program originally 
developed by Honeywell (2 ) .  Thr; code is modular in nature, and allows 
modeling of any concentrator system by writing appropriate subroutines 
describing the geometry of the system to be studied. It has the capability 
to include the effects of RMS surface imperfections on system performance 
and a finite sun size with nonuniform flux distribution. 
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The approach used in ihis study was to perform a parametric study on the 
\ 4 true Cassegrainian, compare the performance of the R-C to the true Casse- 

grainian for selected parameters, and then analyze a tertiary reflector 
added to the Csssegrainian system. Finally, an analysis was performed to 
determine the sensitivity of the optical performance to misalignment of the 
secondary and tertiary reflectors. 
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GEOMETRY 

As stated previous?y, the 
Cassegrainian consists of a 
confocal parabola and hyper- 
bola, as shown in figure 1. 
The convex secondary ref lec- 
tor increases the focal 
length of the optical sys- 
tem, and tnus reduces the 
angle of the extreme rays 
reflected from the secondary 
to the system focal plane. 
Since the optical extent of 
the system must be con- 
served, an increased focal 
length reduces the maximum 
concentration ratio that can 
be achieved. The theoret- 
ical concentration ratio 
for a system of axial sym- 
metry is defined in equa- 
tion A. 

sin Q 
CR = (sin + s ) 2  

Figure 1. Cassegrainian Geometry 

(1) 

where 4 is the entrance angle oE the extreme rays and 4, is the sun angle. 
As can be seen, I$ determines the maximum CR possible. 

The variation in system focal length is re?ated to the primary focal length 
(F  and the eccentricity ( 2 )  of the seconrlary by c h e  magnification factor 
(My, defined as 

2 + 1  

2 - 1  

e 

e M =  

The system focal length is the product of M and F . Likewise, the extreme 
ray angle 4 is related to the primary rim angle. %ese relationsliips can be 
used to determine M and the theoretical concentration ratio. 

There are several factors that do not allow the theoretical Concentration 
ratio to be reached. In a perfect optical system (i.e., free from errors on 
the reflector surfaces) the limitations are caused by various aberrations. 
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It is possible to design an optical system to reduce or eliminate some of 
these aberrations. One such design is the Ritchey-Chretien, which is cor- 
rected for spherical aberration and coma. There have been several deri- 
vations of the relationships required for this configuration. The one 
chosen for this study is by Wetherell, et a1 ( 3 ) .  This development results 
in a "sag" equation for the two surfaces as a function of the primary 
reflector focal length, the system aperture area, the system focus position, 
and the vertex-to-vertex spacing between the two reflectors. 

Another major source of degradation in concentrator performance is imperfec- 
tions on the reflecior surfaces. They have the effect of increasing the 
size of the cone of light reflected off of each surtace. 

It is advantageous from a cost standpoint to design a concentrator system 
with large slope errors on the reflectors and a small primary rim angle. 
A l s o ,  from an efficiency stacdpoint it is advantageous to reduce the size of 
the secondary to reduce the blocking factor by increasing the spacing 
between the primary and secondary reflectors. Unfortunately, these design 
decisions tend to spread the beam of radiation impinging on the focal plane, 
reducing the concentration ratio possible for a gi en intercept factor. 
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To increase the concentration rat*o 
for a given intercept factor, a 
hyperbolic tr rtiary reflector may be 
added at the fccal plane of the sys- 
tem. The geometry for this non- 
imaging concentrator is shown in 
figure 2. One property of a hyper- 
bola is that any ray directed at one 
of the focal points will be 
reflected towards the other focal 
point. After an infinite number of 
reflections, the ray will exit 
through the bottom of the concentra- 
tor. Rays that would intersect the 
focal plane within the ~ F H  diameter 
exit with correspondingly fewer 
rtflections, while those outside ~ F H  
would be rejected out the top of 
the concentrator. The Concentration 

Figure 2. Tertiary Geometry ratio of the tertiary is defined as: 

2 
CR = FH 

2 a 
- 

( 3 )  

I 
1 

For a given spot radius "FH1', there exists a family of hyperbolas with vary- 
ing concentration ratios. The rule that governs the shape of the hyperbola 
is: 



This restriction is the limiting factor for the maximum concentration ratio 
possible for this concentrator. However, to intercept the entire beam at 
the limit, the required height of the concentrator would be infinite. 

There are two additional restrictions that are in effect for integrating the 
tertiary into the Cassegrainian design. They are: 

The radius of the tertiary at the truncation height must not block any 
rays that 3re reflected from the primary towards the secondary. 

The radius of the tertiary, at the truncation height must intersect all 
rays reflected from the secondary. 

These two restrictions vlece a maximum and minimum heighr re;trict;on on the 
tertiary, respectively. Tt.is, together with t:ie required shape of the ter- 
tiary for a given coricentration ratio, limits the maximum concentration 
ratio that can be attained. 

RESULTS 

- Cassegrai nian Only 
A parametric study was performed for the Cassegranian concentrator. 
Figure 3 illustrates the existance of an optimum ?/F for a particular geo- 
metric concentration ratio. The optical efficiency is defineri as the 
product of the intercept factor and 1 minus the blocking factor. 
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As was discussed earlier, the beam 
incident on the focal plane spreads 
as Z/F increases, reducing the 
intercept factor for a given CR. 
The shift of optimum optical effi- 
ciency due to rim angle is caused 
by the reduction in primary focal 
length at higher rim angles, which 
increases the ane’e of extreme rays 
( 4 )  reflected f.,m the secondary. 
This increase in 4 reduces the beam 
size at the focal plane, according 
to conservation of optical extent, 
thereby increasing the intercept 
factor for a given CR. Reducing 
Z/F  also results in an increase 
in $, and therefore an increased 
intercept factor, but at the 
expense of an increased blocking 
factor, reducing the optical effi- 
c ienc y. Increasing the primary 
surface error results in a shift of 
the optimum L/F to the left, in 
essence trading incrpased block- 
ing to obtain a bigher optical 
efficiency. 

CR = 1512.3 
PRIMARY SURFACE ERROR ZMRAD 
SECONDARY SURFACE ERROR. IMRAD 

RIM ANGLL: 75 DEG 

RIM APJGLE: 60 DEG 

0 6  
U U 
w 

RIM ANGLE. 46 OEG a 

0.0 -- 
5 6 7 .8 .9 1 .o 

Z/F 

Figure 3. Optical Efficiency 
Ver;us Z/F 
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Table 1 ilsts the performance of the true Cassegrainisn at maximum optical 
efficienc;r and maximum intercept factor at a rim angle of 60 degrees for 
various ctnbinations of primary and secondary surface errors. Results for 
45 aid 74 degrees are cot shown since performance at 45 degrees is low, and 
1 5  de; <?; results in higher primary crrsts. The optical efficiency listed 
assumes 100 percent ref!ectivity on the, primary and secondary reflectors, 
and 95 percent reflectivity on the tertiary. 

Several results are apparent from this table. They are: 

Primary surface errors ( a  aLfecL Lire performance of the system much 
more than errors on the secondary (us). 

It is r.ot possible to achieve the acceptance criteria of CR = 1200 at 
IF 1 .96 at maximum optical efficiency except for the case of up = 2 
mr . 

P 

A primary surface error of 8 mr will not produce an acceptable IF. 

Table 2 lists the performance of the Ritchey-Chretien configuration in the 
same format as a3ove. Comparing the Ritchey-Chretian to the true Cassegran- 
inian shows no significant improvement in optical efficiency. The majcr 
reason for this is that the improvement resulting from elkination of : m a  
is mashed by the effects of surface errors. Figure 4 shows the intensity 
distribution for the true Ccssegrainian and the R-C for a typical set of 
parameters. The most noticcabls difference between the two configurations 
is the higher {ntensity of radiation in rhe ceficer for the Ritchey-Cbretien 
due to the elimination of coma. If this is i: desirable feature in the over- 
all design of a concentrating system, then perhaps the Ritchey-Chretien 
shoilld be considered. If not, then t-here is little, if any advantage to 
using the Ritchey-Chretien. 

Cassegrainian with Tertiary Reflector 

The main parameter required to integrate the tertiary into the Cassegrainian 
design is the redius of the spot on the focal plane, Fli. , parameter, 
along with ,he desired Concentration ratio, defines the req ired shape of 
the tertiary. However, it is not necessarily advantaceous to set FH equal 
to the maximum radius of the spot, since this wouid reauile a relatively 
tall, narrow concentrator. Examination of figure 4 reveals chat the ,nten- 
sity distribution is very close to a normal distribution. This fact can be 
used to determine an appropriare FH. The procec;ut-e f o r  determining FH is as 
f 01 lows : 

Ti-, f . 

Determine the standard deviat:on of the flux distribution (OD). 

Calculate EH by determining the desired fraction ~ i '  the total energy 
available to be captured. These calculations Lave been performed for a 
capture ratio of .995 and . 9 7 5 .  It is apparent that as the capture 
ratio decreases, the required tertiary iic-igIit decreases. 

Blockage of rays reflected from the primary reflector must also be avoided. 
At high tertiary heights, this becomes a problem, and 1:vits the coccentra- 
tion ratio of the system. 



CR 
1200 
1500 

- 

CR 
1200 
1500 

- 

CR 
1200 
1500 

- 

CR 

1500 

- 
1200 

IF 
0.9 
0.85 

- 

IF 
0.69 
0. 3 

- 

I F  
0.90 
0.39 

- 

IF 
0.98 
0.96 

g 
0.  :7 
0.73 

0.54 
0 -49 

E 
0.77 
0.73 

g 
0.90 
0.87 

TABLE 1. CASSEGRAINIAN PERFORMANCE 

Rim Angle: 60° 

up = 4mr , us = 2 m r  

I Fmax kw);:i- Z/F r ( cm) 
0.1 13.2 30 0.98 
0.675 s.0 28 0.96 

- 

up = 8mr , os = 2mr 

2:F r(cm) P(kW) IFmax 
0.65 1 0 . 2  20.7 0.79 
0.65 9.a 18.8 0 . 7 3  

- 

up = 4mr os = l m r  

Z/F r(crn) P(kW) IFmax 
0.70 10.2 30 .0  0.98 
- 
0.675 9.0 28.5 0.965 

up = 2mr us = l m r  

Z/F r(cm) P(kW) IFmax 
0.75 10.2 34.4 0.997 
0.75 9.0 34.0 0.99 

-.- 
"r = receiver radius 

.*-..- 
L.. p = power entering the receiver plane in ki1owat;s 

TABLE 2 .  RITCHEY-CHRETIEN PERFORMANCE 

aim Angle: 60° 

CR 
1200 
1500 

- 

CR 
1200 
! 500 

-- 

?IF 
0.55 
G.55 

- 

Z/F 
0.55 
0.55 

- 

? I F  
0.55 
0.55 

- 

?/F 
0.7 
0.65 

- 

up = 4m-- us = 2mr 

r(cm) P(kW) IFmax Z./F 
.91 0.77 . ? O  10.2 29.5 .94 .65 
-- IF pax= -- 
.a7 0.73 .70 9.0 28.0 .90 -6, 

I F  Ex_ Z/F r(cm) P(kW) IFmax Z/F 
.998 .70 

- 
.985 0.8Y . 7 5  10.2 34.4 
.961 0.88 .75 9.0 33.7 .9>3 .70 

"0 
0.58 
0.55 

"0 
0.45 
0.42 

-- 
0.58 
0.57 

'b 
0.87 
0.81 

n, 
. 7 1  . i8 

- 

' lo 
.85 
.85 

- 

P(kW) 
22.5 
22 

F(kW) 
17.5 
16.5 

P(kW) 
-A. 5 
22.5 
* -  

P(kW) 
33 .4  
31 .O 

P( kW) 
2 7 . 3  
26.0 

P(kbr) 
32.9 
32.7 
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Analysis of the radiation on the 
secondary reflector indicates that 
the diameter can be reduced with a 
small gain in performance. This 
is because the flux of reflected 6 

energy on the outer ring of the 
secondary is very low, and by not 
intercepting that energy, it is 

factor. Reducing the secondary - 
diameter also benefits the ter- % 
tiary reflecter design. Since the 2 

possible to decrease the blocking 4 

source" for the radiation that 9 9  

the tertiary intercept. is now 5 3 

smaller, the height of the tcr- 2 
tiary can be reduced for a given 
concentration ratio, o r  con- K 

versely, a higher concentration 2 2 
ratio can be achieved for a given 

w 
Y 

E 
height. iz 

f 
z - 1  

Results for the Casseqrainian with 
the tertiary reflector are listed 
i n  table 3 for a reduced secondary 
diameter. The most significant 
result is that the optical effi- 
ciency does not peak as a function 

R I M  ANGLE: 60 DEGREES 
Z/F = .75 
PRIMARY SURFACE ERROR: 2mr 
SECONDARY SURFACE ERROR: 1 mr 

- CASSEGRAINIAN - -- RITCHEY - CHRETIEN 

- 

c I 

4 6 8 10 12 

RECEIVER RADIUS (cm) 

of ?/F. The tertiary reflector 0 2 

redirects the beam t o  :he desired 
receiver aperturz regardless of 
the size of the beam on the ter- 
tiary. The major penalty for 
redirecting a large beam is a tall Figure 4. 
tertiary. 

Comparison of Intensity 
Distributions 

TABLE 3. CASSEGRAINIAN PLUS TERTIARY PERFORMANCE 

Rim Angle: 60' u = 4mr us = 2mr 5~ = 2mr Z/F = 0.75  
Secondary Diameter = '1.96 m 

Capture Ratio: .995 
IF 
.98 
- hap. 

.89 
- r(crn) 

10.1 
9.7 
9.0 
7.5 

P(kW) 
34.4 
34.4 

CR 
1200 
1300 
1500 
2200 

.98 .89 - - 
- - 

Capture Ratio: .975 
%ax . bf? 
.i38 

.87 

-- 

.a7 

CR 
1200 
- IF 

.97 

.97 

.96 

.96 

- P(kW) 
33.7 
33.7 
33.6 
33.3 

42 
47 
60 
118 

1300 
1530 
2200 r i  

"'ET = height of the tertiary 
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DZ = -.0254 

- ox = RADIAL MISALIGNMENT (m) 
02 = AXIAL MISALIGNMENT (ml 

Comparing the maximum efficiencies for the Cassegrainian only and the Cas- 
segrainian plus tertiary yields a 17 percent increase at CR = 1200 and a 
19 percent increase at CR = 1500. These increases in efficiency result from 
increasing the intercept factor. Additionally, it is possible to increase 
the concentration ratio without significantly degrading the efficiency when 
using the tertiary. 

c 

Rotational misalignment has the 
largest effect on increased 
loss, followed by axial align- 
ment. Positive axial misalign- 
ment reduces the percentage of 
radiation not intercepted by the 
secondary. Perhaps the second- 
ary diameter could be increased, 
resulting in less sensitivity to 
axial misalignment. 

Effects of Misalignment 

There are three loss mechanisms that affect the performance of the tertiary 
reflector. They are: 

Rejection of  rays rhrough the inlet aperture. 

Absorption of energy caused by multiple reflections. 

Non-interception of radiation by the inlet aperture. 

Another Loss mechanism, introduced by the reduction of the secondary diam- 
eter, is non-interception of radiation by the secondary reflector. 

l.O0 r 
t OX = 0.0254 t 

Figures 5 and 6 show the effects 
of multiple misalignments on 
optical efficiency and intercept 
factor. The criteria chosen t o r  
determining &he maximum amount 
of misalignment permissible was 
to set the minimum optical effi- 
ciency equal to the maximum 
efficiency attainable without 
the tertiary dith perfect align- 
men t . This is an arbitrary 
decision, although it 6oes give 
a rational bound on system effi- 
ciency. Using this criteria, 
th maximum combined misalign- 
ment is: 

+ .0254m (1") 

+ .0254m (1") 
Axial : - 
Radial: - 
Rorational: - + . s o  

t 
.50 - 

0.00 5 0  1 .oo 1 .!io 
ROTATIONAL MISALIGNMENT OF SECONDARY (DEG] 

Figure 5 .  Effect of Misalignment 
on Optical Efficiency 
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.70 

' DZ = +.0264 

OX - RADIAL MISALIGNYENT (m) 
DL 6 AXIAL MlSALlGNllllENf Im) 

OX = 0.0254 

F z 
-60 

0.00 .so 1.00 1.60 

This results in a decrease in opti- 
cal efficiency and intercept factor 
of approximately 11 percent, such 
that the minimum optical efficiency 
is 77 percent, with an intercept 
factor of 85.5 percent. 

CONCLUSIONS 

The Cassegrainian concentrator is a 
viable system for the l-ateter dish 
studied. 

The Ritchey-Chretien modification 
does not significantly improve the 
performance of the Cassegrainian 
configuration due to the presence 
of surface slope errors that 
largely mask improvements produced 
by the elimination of coma. 

ROTATIONAL MISALIGNMENT OF SECONDARY (DEG) A non-imaging tertiary ref lector 
significantly improves the optical 
perfoimance of the Cassegrainian, 

Figure 6. Effect of Misalignment and should be integrated into the 
on Intercept Factor design. 
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ENGINE/ RECEIVER DEVELOPMENT 

Taras Kiceniuk 

Jet Propulsion Laboratory 
Pasadena. CA 91109 

.I 

Solar parabolic dishes require small, high efficiency heat engines. These 
engines need to be compact and to have low operating cost. 

The first paper describes developrent of an organic Rankine engine. 
Resolution of two key problems - excessive bearing wear and arcing within 
the alternrtor were reported. 

The second paper reviews development of several small engines and their 
possible use with dishes. 

Since solar receivers are in the efficiency train with engines, high 
efficiency receivers are also required. 

The third paper discusses the technological status of solar dish receivers 
and suggested a number of approaches to improving their design. 

The fourth paper reports on testing of various materials relative to their 
use on aperture plates of receivers. 
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N84 2 8 2 3 0  Robert E. Barber 

Barber-Nichols 6ngr. CO. 
Arvada, CO 80002 

This paper presents the steps taken to achieve improved bearing life in 
the organic cycle ( O X )  engine being developed for use on solar parabolic 
dishes. A sunnary of recent test results is also given. 

The Power Conversion Subsystem (PCS) consists of an air-cooled, 
regenerative 25 W e  ORC enginelgenerator unit mounted at the focus of a 
parabolic dish Concentrator. The working fluid, toluene, is circulated in 
a hermetically-sealed, closed loop system. Toluene vapor at 750 to 
800°F drives the turbine-alternator-pump assembly (TAP) at speeds up to 
60,000 rpm. 
fluid-film Deacings in the TAP. 

Liquid toluene is used as the lubricant in the hydrodynamic 

Excessive bearing wear was experienced during solar testing of the PCS at 
the JPL Parabolic Dish Test Site in February and L r c h  1982. 
a ptc,gram was undertaken to diagnose the cause of bearing failure and 
remedy the problem. 
approaches and design changes which led to the current successful bearing 
system configuration are discussed in the paper. 

As a result, 

This effort was successful and the specific testing 

The first series of tests in the Bearing Life Development Program was 
designed to characterize the performance L. 'he radial bearing and thrust 
bearing designs (as individual bearings) unaur trarious combinations of 
controlled load, speed, lubricant flow rate and temperature. 

The next series of tests utilized the actual TAP assembly. 
mechanically driven at speeds up to 60,000 rper by a special test r i g .  
Optical proximity probes were installed to monitor shaft orbit behavior. 
Evidence of rotor dynamic instability (subsynchronous whirl) was observed; 
this led to further analyses and specific design changa in the radial 
bearings and lubrication feed system. However, bearing surface damage 
continued to appear even after the rotor instability problem was solved. 
This was traced to electrical pitting caused by electromagnetically- 
induced shaft voltage arcing across the fluid film and was corrected by 
design changes. 

The shaft was 

The most recent test series included operation of the entire PCS (with the 
TAP installed) for 100 hours of total run time in a ground test facility 
at Barber-Nichols Engr. Co. (84) which realistically simulated operation 
on the sun. Rotor dynamic behavior was recorded continuously during the 
100 hours and the TAP was disassembled at predetermined intervals for 
bearing inspection. Performance of both the 5-shoe, tilting-pad radial 
bearings and the gimbal-mounted thrust benrings was entirely 
satisfactory. This test demonstrated that the objective of solving the 
**infant mortality" bearing problem hb.b been accomplished. 
Conversion Subsystem also demonstrated reliable operation over a wide 
range of test conditions. 

The Power 
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OVBRVIEW OF ADVANCED STIRLING AND GAS TUREINPT RUGINE DBVgLOPWBWT 
PROGRAMS AND ILIPLICATIONS FOR SOLAR TH- ELECTRIC APPLICATIONS 

Donald Alger 

MASA Lewis Research Center 
Cleveland, OH 44135 

The W E  automotive advanced eneine development projects managed by the 
NASA Lewis Research Center were described. These included one Stirling 
cycle engine development and two air Brayton cycle developments. Other 
engine activities include 1) an air Brayton engine devehpment sponsored 
by the Gas Research Institute, and 2) plans for development of a Stirling 
cycle engine for space use. Current and potential use of these various 
engines with solar parabolic dishes were discussed. 
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W i l l i a m  A. Owen 
Jet Propulsion Laboratory 

Pasadena , Cal i f o r n i a  

Even though more sma l l  c a v i t y  so lar  receivers have been designed, 
fabr icated and tested i n  recent times, the  perennial problem of low 
thermal e f f i c i ency  has not gone away. Most so lar  receivers have not  been 
as e f f i c i e n t  as t h e  analysis t h a t  went i n t o  t h e i r  design predicted. 
Energy losses have been 5 t o  50 percent greater than anticipated. 
Perhaps t h i s  should have been expected sSnce l i t t l e  opt imizat ion was done 
i n  the formative periods o f  system design due t o  the r e l a t i v e l y  low cost 
o f  t he  receiver compared t o  the  e n t i r e  system cost. Recent system 
designs, however, have paid greater a t ten t ion  t o  receiver e f f i c i e n c y  as a 
route t o  greater system e f f i c i ency  recognizing too t h d t  there i s  a higher 
p r o b a b i l i t y  o f  good improvement per design d o l l a r  here than w i th  already 
optimized subsystems. 

Receiver losses r e s u l t  from a l l  three modes o f  heat transfer, rad iat ion,  
convection and conduction. Table 1 ind icates how these might be 
d i s t r i bu ted  and shows where fu tu re  improvements could be expected. These 
are o f  course temperature dependent, t he  numbers shown are f o r  a receiver 
w i th  a c a v i t y  temperature about 870% (16OOOF). 

A t  t h i s  meeting l a s t  year, I showed data which indicated t h a t  even though 
there was not a l o t  o f  ac t i ve  receiver  development i n  progress, the  
prospect o f  producing a very e f f i c i e n t  i.e. greater than 90 percent, 
small c a v i t y  solar receiver was good. As new data became available, t h a t  
analysis has been kept reasonably up t o  date and today I can g ive you a 
progress report.  

The basic thes is  tha t  a h igh l y  e f f i c i e n t  cav i t y  receiver i s  p rac t i ca l  i s  
s t i l l  a good one. And how we get t o  t h a t  goal i s  a l i t t l e  clearer. Test 
runs at the JPL Parabolic Dish Test S i t e  on a Brayton cycle receiver  
b u i l t  f o r  us by Garret t  AiResearch and a series o f  tes ts  run f o r  us by 
Sanders Associates a t  t h e i r  Merrimack, New Hampshire t e s t  f a c i l i t y  have 
given us be t te r  numerical i ns igh t  i n t o  exac t ly  how the  losses from small 
c a v i t y  receivers are d is t r ibuted.  

Figure 1 i s  a cut-away drawing o f  the Sander's receiver. 
on a t e s t  stand and preheated a i r  (T2) supp1,ed at  about 0.25 kg/sec 
(0.56 lb/sec), a r a t e  t yp i ca l  o f  the Brayton engines under 
consideration. The sma l l  numbers on the f igure ind icate thermocouples 
and the q numbers bracket various zones of t he  receiver  from which heat 
losses were measured. Table 2 sumnarizes the resu l t s  obtained. Several 
f ac ts  are immediately evident from the numbers. 
about two-thirds o f  a l l  losses are i n  the window frame area qM. This 

It was mounted 

The most obvious i s  t ha t  
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should e a s i l v  be reduced by redesiyn ing the i n s u l a t i o n  i n s i d e  t h e  c a v i t y  
and adding ex te rna l  i n s u l a t i o r l  i n  t h e  frame area. A d d i t i o n a l  heat could 
be r e t a i n e d  by b e t t e r  i n s u l a t i o n  systems i n  the  f l ange  area ( 9 ~ 3 )  and 
i n  t h e  o u t l e t  duct  area (qc). 
t h a t  conduction losses are not n e g l i g i b l e  and should rece ive  adequate 
a t  t e n t  i on. 

The o v e r a l l  lesson t o  be learned here i s  

To est imate the o v e r a l l  e f f i c i e n c y  o f  t he  receiver ,  i t  was al lowed t o  
reach thermal e q u i l i b r i u m  and o v e r a l l  losses es tab l i shed  from t h e  
temperature drop o f  the a i r  stream. Typica l  temperature data i s  shown i n  
F igu re  2 and t h e  lcsses ca l cu la ted  i n  Table 3. 
o v e r a l l  r ece i ve r  efficioRc:: t c  be estim2ted. Thus, f o r  a 75 kW capac i t y  
rece ive r  operat ing a t  aboct 870OC (16OOOF), when zn 8 percent window 
loss  o f  6 kW due t o  Fresnel  r e f l e c t i o n  i s  added t o  t h e  6.58 kW thermal 
loss,  the o v e r a l l  e f f i c i e n c y  i s  about 83 percent. This vaiue agrees s L i l  
w i t h  prev iocs mezcilrements znd suggests t h a t  a hiqhl: e f f i c i e n t  r e c e i v e r  
i s  more 1ikel3# t o  DP windowless. 

These datz  a i i ow  an 

The disadvixtage cf not  having a window i s  czvit:: c o x e c t i c n .  While 
considerable Ivork has been done on t h i s  problem f o r  t h e  very l a r g e  
c e n t r a l  receivers,  not  much conf i rmatory evidence e x i s t s  f o r  small  
c a v i t i e s .  This needs t o  be done e s p e c i a l l y  s ince i t  i s  a f f e c t e d  by so 
many va r iab les  such as wind speed anti d i r cc t ’ ! x ,  c z v i t y  c o n f i s u r z t i o n ,  
a t t i t u d e ,  temperzture, mounting geometry, and others.  T i e  h i g h l y  
e f f i c i e n t  receiver  must. have these we1 1 under c o n t r o l .  

Another major l oss  mechanism, u s u a l l y  t h e  l a rges t ,  i s  r a d i a t i o n  o u t  t h e  
aperture.  But ever; though i t  i s  a larTe ioss ,  ve ry  l i t t l e  work has been 
done recentl.1. I t 5 i n k  t h i s  i s ,  a t  l e a s t  i n  pa r t ,  due t o  t h e  
mispercept ion t h a t  t he re  i s  not much you can do about i t . 
routes e x i s t  t o  reduce t h i s  l oss .  

But many 

The most obvious o f  these i s  t o  reduce the s i z e  of the aperture. 
good systems engineer ing i s  essen t ia l  t o  balance concentrator performance 
against  costs f o r  a minimal foc21 p lane spot diameter. This a l so  a l lows 
f o r  t h e  opt imal s p i l l a c e  allowance t o  be estsb l ished.  Other techniques 
such as u s i y  t o r r n i m l  concentrs tors  should be evzluated. 

W i th in  t h e  cav i t j ? ,  severs1 techniques sre a v z i l z b l c  t o  reduce 
r e r a d i a t i o n .  Figure 3 i l l u s t r a t e s  a number o f  these i n c l u d i n g  o v e r a l l  
c a v i t y  s i z e  r a t i o ,  c a v i t y  w a l l  con f i gu ra t i on ,  heat exchanger placement, 
thermal c h a r a c t e r i s t i c s  o f  the c a s v i t y  components e s p e c i a l l y  us ing  
absorbers and r e f l e c t o r s  i n  an opt imal  fashion, us ing secondary heat 
exchangers as preheaters w h i l e  c o c l i n g  c a v i t y  elements, and others.  Good 
r a d i a t i o n  management i s  e s s c n t i a l  and should r e s u l t  i n  s i g n i f i c a n t  
performance improvements. 

Very 

I n  summary, i f  c a r e f u l  a t t e n t i o n  i s  pa id  t o  the  o v e r a l l  thermal systems 
design e s p e c i a l l y  t o  conductive losses about t h e  window and areas of 
r e l a t i v e l y  t h i n  i n s u i a t i o n ;  and if the c a v i t y  design i s  c a r e f u l l y  managed 
t o  i nsu re  a small, m in ima l l y  r e r a d i a t i n g  aperture,  t h e  goal of a ve ry  
h igh e f f i c i e n c y  c a v i t y  rece ive r  i s  a r e a l i s t i c  one. 
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Solar  T e s t s  of A p e r t u r e  P l a t e  Yaterials f o r  S o l a r  Thermal Dish Col lectors  

Leonard D. .Jaffe 

.I et P ro pu 1 s i o n  La b o r a  t o rv 

Pasadena, CA 91109 

P # 8 4  2 8 2 3 3  

ABSTKACT 

I n  p a r a b o l i c  d i s h  so la r  co l l ec to r s ,  walk-off o f  t h e  s p o t  of c o n c e n t r a t e d  
s u n l i g h t  c a n  be a h a z a r d  i f  a m a l f u n c t i o n  c a u s e s  t h e  c o n c e n t r a t o r  t o  s t o p  
f o l l o w i n g  t h e  sun.  A test program was t h e r e f o r e  ca r r i ed  o u t  to  e v a l u a t e  t h e  
b e h a v i o r  o f  v a r i o u s  ceramics, metals, and polymers  u n d e r  solar  i r r a d i a t i o n  
of a b o u t  7000 kW/m2 ( p e a k )  for 1 5  m i n u t e s .  The o n l y  materials t h a t  d i a  
n o t  s lump or s h a t t e r  were t w o  grades of medium-grain e x t r u d e a  g r a p h i t e .  
H i g h - p u r i t y  s l i p - c a s t  s i l i c a  m i g h t  be s a t i s f a c t o r y  a t  somewhat lower f l u x .  
O x i d a t i o n  o f  t h e  g r a p h i t e  a p p e a r e d  a c c e p t a b l e  d u r i n g  tests s i m u l a t i n g  walk- 
o f f ,  a c q u i s i t i o n  (2000 c y c l e s  on!off s u n ) ,  and s p i l l a g e  ( c o n t i n u o u s  e x p o s u r e  
o f  a r e c e i v e r  a p e r t u r e  l i p ) .  

LNTKODUCTION 

I f  a m a l f u n c t i o n  o c c u r s  i n  a solar t h e r m a l  p o i n t - f o c u s  d i s t r i b u t e d  r e c e i v e r  
power p l a n t  w h i l e  a c o n c e n t r a t o r  is p o i n t e d  a t  t h e  s u n ,  m o t i o n  of t h e  concen-  
t ra tor  may s t o p .  AS t h e  s u n  moves r e l a t i v e  t o  t h e  E a r t h ,  t h e  s p o t  of conccn-  
t r a t e d  s u n l i g h t  t h e n  s l o w l y  "walks  o f f "  t h e  r e c e i v e r  a p e r t u r e ,  a c r o s s  t h e  re- 
c e i v e r  f a c e  p l a t e ,  and p e r h a p s  a c r o s s  a d j a c e n t  p o r t i o n s  of the c o n c e n t r a t o r .  
I n t e n s e  local  h e a t i n g  by t h e  c o n c e n t r a t e d  s u n l i g h t  may damage or a e s t r o y  
t h e s e  p a r t s .  

Methods o f  p r o t e c t i o n  a g a i n s t  walk-off  damage are d isc . i ssea  i n  K e f .  1.  Use 
0: materials t h a t  c a n  w i t h s t a n d  t h e  c o n c e n t r a t e d  s u n l i g h t  w i t h o u t  a c t i v e  
c o o l i n g  h a s  t h e  a d v a n t a g e  o f  p r o v i d i n g  p a s s i v e  p r o t e c t i o r , ,  which s h o u l d  
i n c r e a s e  r e l i a b i l i t y  and may be less c o s t l y  t h a n  a l t e r n a t i v e  t e c h n i q u e s .  

The peak f l u x  d e n s i t y  a t  t h e  f o c u s  is t y p i c a l l y  1,000 to  15,UUO kW/m2. 
s u c h  i n p u t ,  a g r a y  body l o s i n g  heat o n l y  by r e r a d i a t i o n  m a y  r e a c h  a n  e q u i l i b -  
r i u m  t e m p e r a t u r e  as  h i g h  as  3750OC (6800OF). Because t h e  s p o t  moves a t  t h e  
E a r t h ' s  r o t a t i o n  rate o f  15 d e g / h ,  t y p i c a l  times for t h e  s p o t  t o  move i t s  ow11 
diameter are 5 t o  1 5  m i n u t e s  ( e x c e p t  in p o l a r  r e g i o n s ) .  For p a s s i v e  p r o t e c -  
t i o n ,  a material and d e s i g n  t h a t  c a n  w i t h s t a n d  t h e s e  c o r k i t i o n s  is needed.  

W i t h  

A b i l i t y  t o  w i t h s t a n d  walk-off  i s  o n l y  o n e  of t h e  r e q u i r e m e n t s  f o r  a n  a p e r t u r e  
p l a t e .  I n  most d e s i g n s ,  t h e  s p o t  of  s u n l i g h t  t r a v e r s e s  t h e  a p e r t u r e  p l a t e  
e a c h  time t h e  c o n c e n t r a t o r  is swung to  p o i n t  i t  a t  o r  away from t h e  s u n  
d u r i n g  normal  o p e r a t i o n .  The e x p o s u r e  t i m e  d u r i n g  normal  s u n  a c q u i s i t i o n  or 
" d e a c q u i s i t i o n "  is  much s h o r t e r  t h a n  d u r i n g  walk-of f :  t y p i c a l l y  1 to  2 
s e c o n d s  f o r  t h e  s p o t  t o  move i t s  own d i a m e t e r .  However, s u n  a c q u i s i t i o n  ami 
d e a c q u i s i t i o n  o c c u r  once  or s e v e r a l  times a day d u r i n g  o p e r a t i o n ,  whereas  
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walk-off o c c u r s  o n l y  through mal func t ion .  An a p e r t u r e  p l a t e  t h a t  is exposed 
to t h e  sun  d u r i n g  a c q u i s i t i o n  shou ld  wi ths t and  many c y c l e s  of  a c q u i s i t i o n  
and d e p c q u i s i t i o n .  

An a d d i t i o n a l  requi rement  o f  any a p e r t u r e  p l a t e  is t h a t  i t  must w i ths t and  
" s p i l l a g e "  or l i p  nea t ing .  The f l u x  d e n s i t y  a t  t h e  l i p  d u r i n g  normal opera-  
t i o n  is  u s u a l l y  less than  one p e r c e n t  to a few pe rcen t  of t h e  peak f l u x  
d e n s i t y  of t h e  s p o t ,  bu t  t h e  l i p  is exposed to  t h i s  s p i l l a g e  a t  a l l  times 
when t h e  c o n c e n t r a t o r  is po in ted  a t  t h e  sun. 

Some work h a s  been r e p o r t e d  on t h e  a b i l i t y  of uncooled materials t o  wi ths t and  
concen t r a t ed  s u n l i g h t  for s h o r t  p e r i o d s  o f  t i m e .  Except f o r  some l i m i t e d  
tests, t h i s  p r i o r  e f f o r t  was n o t  o r i e n t e d  toward d i s h  c o n c e n t r a t o r s ,  and 
e i t h e r  t h e  f l u x  d e n s i t i e s  or exposure  t i m e s  used were lower than  those  of 
interest f o r  walk-off o f  d i s h  c o n c e n t r a t o r s .  Cons iderable  work  has been done 
on materials f o r  high-speed r e e n t r y  bod ies  and f o r  r e s i s t a n c e  t o  n u c l e a r  ex- 
p l o s i o n s ,  bu t  a p p l i c a b i l i t y  of t h i s  work to  solar c o n c e n t r a t o r s  is u n c e r t c L n  
because o f  t h e  d i f f e r e n t  modes o f  energy  t r a n s f e r .  
worthwhile  t o  under take  tests to  e v a l u a t e  c a n d i d a t e  materials. In p a r t i c -  
u l a r ,  t h e r e  was i n t e r e s t  i n  f i n d i n g  a s u i t a b l e  a p e r t u r e  plate  material f o r  
p a s s i v e  p r o t e c t i o n  f o r  t h e  o r g a n i c  Rankine system. A more de ta i led  account  
o f  t h e  work, w i th  e x t e n s i v e  l i t e r a t u r e  r e f e r e n c e s ,  is  g iven  i n  R e f .  2. 

It t h e r e f o r e  appeared 

TYPES OF MATERIALS TESTED 

The g e n e r a l  t y p e s  o f  materials t e s t e d  inc luded  g r a p h i t e ,  s i l i c o n  c a r b i d e ,  
s i l i c a ,  s i l i c a t e s ,  alumina. z i r c o n i a ,  s teel ,  and polytetrafluoroethylene. 
Also t e s t e d  were aluminum and copper  w i t h  t e m p e r a t u r e - r e s i s t a n t  c o a t i n g s ,  
and g r a p h i t e  w i th  t e m p e r a t u r e - r e s i s t a n t  c o a t i n g s .  
t e s t e d .  

About 45 samples  were 

The p r e f e r r e d  sample s i z e  s e l e c t e d  was 200 x 200 x 25 mm ( 8  x 8 x 1 in.), t o  
have samples  l a r g e  enough when compared t o  t h e  solar s p o t  size and t h i c k  
enough t o  provide  r easonab le  p r o t e c t i o n .  A few t h i c k e r  samples  were tested 
to see i f  g r e a t e r  t h i c k n e s s  improved performance. Because many samples  were 
provided f r e e  o f  charge  r a t h e r  t han  purchased ,  they  were o f t e n  smaller t h a n  
p r e f e r r e d .  Some were as t h i n  a s  0.4 mm (0.017 i n . ) ;  these  qamplks were pro- 
v ided  more because of t h e  s u p p l i e r ' s  i n t e r e s t  i n  u s ing  them for p r o t e c t i o n  
d u r i n g  normal o p e r a t i o n ,  a c q u i s i t i o n ,  and d e a c q u i s i t i o n  than  for p o s s i b l e  
walk-off p r o t e c t i o n .  

TEST EQUIPMENT 

S o l a r  tests were made on Tes t  Bed Concen t r a to r  1 a t  J.P.L.'s P a r a b o l i c  Uish  
Tes t  S i t e .  A s  p a r t  o f  t h e  s e t u p  f o r  t e s t i n g  a major  p o r t i o n  o f  t h e  o r g a n i c  
Rankine module, a water-cooled aluminum s h i e l d  had been mounted nea r  t h e  
f o c a l  p l ane  o f  t h e  c o n c e n t r a t o r .  
(16 in . )  in diameter .  A water-cooled aluminum s l i d i n g  s h u t t e r ,  i n s t a l l e d  on 
t h e  s i d e  of t h e  s h i e l d  c l o s e s t  t o  t h e  c o n c e n t r a t o r  m i r r o r s ,  cou ld  be opened 
or c l o s e d  t o  permi t  concen t r a t ed  s u n l i g h t  to  p a s s  through t h e  s h i e l d  opening 
or t o  b lock  it  o f f .  

T h i s  s h i e l d  had a c e n t r a l  opening 400 mm 

c 
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Solar Walk-off And Solar Acquisition 

For the materials walk-off and acquisition tests a fixture was designed which 
mounted against the aluminum shield, on the side away from the mirrors. 
test fixture was made of graphite in the form of a "window frame" with an 
opening 230 mm (9 in.) square, in which the sample was placed. 
was retained by graphite rods 10 mm ( 3 / 8  in.) in diameter, which fitted 
loosely through holes in the upper frame of the fixture and rested i n  blind 
holes in the lower frame. During exposure, the center of the solar spot was 
close to the center of one face of the sample. 

The 

The sample 

The flux pattern used for walk-off and solar acquisition tests was designed 
t o  simulate the pattern then planned for use with the organic Kankine module. 
The distribution of solar flux in the materials test plane was measured with 
a flux-mapper (Ref. 3 ) .  The peak measured flux density in this plane was 9,700 
kW/m2 at an insolation of 1 kW/m2. The total concentrated solar power at 
1 kW/m2 was approximately 78 kW, as measured by a cold-water calorimeter. In 
the materials tesis the actual insolation was lower than 1 khJ,'m2; at an inso- 
lation of 720 WImL, the peak flux density was 7,000 kW/m2. 

Solar Spillage 

For spillage tests, one edge of the samples was tapered and rounded to form 
a lip. Two chromel-alumel thermocouples, wire diameter 0.25 mm (0.010 in.), 
were inserted through the back of the 26 mm (1.0 in.) thick samples, termin- 
ating 0.5 nun (0 .02 in.) from the lip. The samples were mounted at various 
radial and axial positions to simulate spillage conditions (such as flux 
levels) that might be encountered with various solar thermal power modules. 
Samples were mounted off center so that only the edge of t h e  solar spot 
struck the sample. 

TEST PROCEDUKES 

In all solar tests, the samples were observed on television utilizing a 
black-and-white TV camera; imagery was recorded on a video cassette recorder. 
Insolation was recorded digitally using Eppley and Kendall pyroheliometers. 
Direct normal insolation during tests was 530 to YbO W/m2. 

Walk-off Tests 

All of the materials investigated were tested for  their ability to sustain 
walk-off. The test duration was 15 minutes unless the sample failed earlier. 
The test was more severe thar, an actual walk-off because the spot of maximurn 
solar flux was held fixed on the sample, whereas in walk-of€ the spot would 
traverse across the plate. 

Sevetal samples were tested wet to simulate exposure to rain followed by sun- 
light and walk-off. They were soaked in water at a depth of 1 5  to 30 cni ( b  
to 12 in.) for at least 3 ~ )  minutes prior to solar testing. 

Acqu is it ion Tests 

Tests aimed at evaluating behavior under acquisition and deacquisition condi- 
tions and under spillage conditions were conducted only on graphite. These 
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tests were run because some grades of graphite appeared promising in the 
walk-off tests, but there was concern that the rate of loss of graphite by 
oxidation might be excessive under the long cumulative exposures associated 
with acquisition-deacquisition and spillage. 

Two graphite samples were tested under conditions simulating repeated acquis- 
ition and deacquisition. 
for walk-off testing. The acquisition-deacquisition tests consisted of mul- 
tiple cycles of opening and closing the shutter, each approximately l second 
open, 10 to 19 seconds closed. Maximum exposure was 2000 cycles. Insolation 
in these tests was 780 to 960 W/m2; acquisition and deacquisition in service 
probably would be primarily at low sun elevation, when insolation would be 
lower. 

'hey were mounted in the same way as the samples 

Spillage Tests 

Solar tests of oxidation of graphite under conditions simulating many thou- 
sand hours of spillage exposure were beyond the scope of this work. Instead, 
to allow estimation of the long-time oxidation rate, measurements were made 
of the temperature of graphite samples simulating a tapered aperture lip. 
The lip, with thermocouples inserted, was placed 75 to 175 mm ( 3  to 7 in.) 
from the center of the spot of sunlight (representing aperture diameters of 
150 to 350 mm, 6 to 14 in.) and at various axial positions. Flux density at 
the lip position nearest the spot center varied from less than 1 to over 
1000 kW/m* depend--? on sample position. 

WALK-OFF TESTS: MELTING AND FRACTURE RESULTS AND DISCUSSIOk 

Results of the walk-off tests are summarized in Table 1 and tabulated, with 
accompanying measurements and photographs, in Pef. 2. 

Graph i tes 

Grade G-90. Graphite grade G-90 was the only material . ,onsistently 

An- 
survived a 15-minute simulated walk-off without melting, sLUuping, or crack- 
ing. 
other sample of this material was tested wet, and did not crack. 

A sample of G-90 survived two 15minute tests without cracking. 

Grade G-90 is an extruded material that is reimpregnated several times with 
coal-tar pitch and regraphitized to reduce its porosity and increase its 
bulk density. 
graphite: about $45/kg ($20/lb). 

Grade G-90 is a premium grade and somewhat expensive for a 

Grade CS. During the standard walk-off test, all six samples of uncoated 
graphite grade CS 14 to 37 m (0.5 to 1.5 in.) thick developed a single crack 
extending from near the midpoint of an edge to near the center of the speci- 
men. This reproducibility was striking, particularly because the samples 
came from three different lots of graphite. Of two samples that were 50 mm 
(2 in.) thick, one survived the simulated walk-off test without cracking or 
other failure; the other cracked from an edge to somewhat beyond the center. 
None of the CS graphite specimens fell apart into two or more pieces. Four 
samples of CS graphite that cracked halfway during initial exposure were 
retested for total times up to 45 minutes without further observed crack 
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advance. Apparent ly  t h e  f i r s t  c r a c k ,  halfway across, was s u f f i c i e n t  to 
r e l i e v e  t h e  thermal  stresses and p reven t  f u r t h e r  c r a c k i n g .  
ment ing ,  t h i s  g rade  shou ld  per form s a t i s f a c t o r i l y .  (Bank and Owen (Kef. 4) 
reached  a similar c o n c l u s i o n  on t h e  b a s i s  of  ear l ier  tests.) Grade CS is a 
commercial g rade  o f  e x t r u d e d  g r a p h i t e  t h a t  costs about  $4.50/kg ( $ 2 / l b ) .  

With p rope r  seg-  

L ike  most g r a p h i t e s  f a b r i c a t e d  by e x t r u s i o n ,  g rade  CS h a s  markedly an i so -  
t r o p i c  p r o p e r t i e s ,  w i th  i ts  c o e f f i c i e n t  o f  thermal expans ion  be ing  lower and 
i t s  s t r e n g t h  h i g h e r  i n  t h e  d i r e c t i o n  p a r a l l e l  to  t h e  g r a i t .  ; p a r a l l e l  to  t h e  
e x t r u s i o n  d i r e c t i o n )  t h a n  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  g r a i n  ( p e r -  
p e n d i c u l a r  t o  t h e  e x t r u s i o n  d i r e c t i o n ) .  
o c c u r r e d  p e r p e n d i c u l a r  t o  t h e  g r a i n .  

It is  v e r y  l i k e l y  t h a t  c r a c k i n g  

E f f e c t  o f  Water. G r a p h i t e  g r a d e s  G-90 and CS absorbed  v e r y  l i t t l e  water on 
immersion and t h e i r  subsequent  performance i n  s i m u l a t e d  w a l k - o f €  tests w a s  
u n a f f e c t e d  by t h i s  we t t ing .  

O t h e r  Graph i t e  Grades. O t h e r  g r a d e s  o f  c o n v e n t i o n a l  g r a p h i t e  t e s t e d  were 
3499, 8826, and HLM-S5. A l l  samples  of t h e s e  g r a d e s  c racked  a p a r t  o r  
s h a t t e r e d  i n  tes t ;  t h e  3499 a t  exposure  times o f  1-112 to 8 minu tes ,  t he  
8826 and HLM-85 i n  1 t o  1-1 1 ! minutes .  

Walk-off Performance and Othe r  C h a r a c t e r i s t i c s  o f  G r a p h i t e  Grades. 
G r a p h i t e  g rades  G-90 and CS, which performed w e l l ,  are e x t r c d e d  g r a d e s  wi th  
medium g r a i n  s i z e  (maximum p a r t i c l e  s i z e  nominal ly  750 micrometers). Grades 
3499 and 8826 are f ine -g ra ined  molded g r a p h i t e s  (maximum p a r t i c l e  s i z e  nonii- 
n a l l y  75 micrometers ) ;  t hey  s h a t t e r e d  i n  test .  T h i s  s u g g e s t s  t h a t  f i n e  g r a i n  
(and p o s s i b l y  molding)  is  less d e s i r a b l e  than  medium g r a i n  (and e x t r u s i o n ? )  
i n  g r a p h i t e s  f o r  walk-o€€ p r o t e c t i o n .  
s i z e  e f f e c t  is c o n s i s t e n t  w i th  t h e  g e n e r a l  b e l i e f  t h a t  coa r se r -g ra ined  
g r a p h i t e s  have b e t t e r  r e s i s t a n c e  t o  thermal  shock t h a n  f ine -g ra ined .  

Such a n  i n t e r p r e t a t i o n  of t h e  g r a i n  

Many g r a p h i t e  g rades  are a v a i l a b l e  b e s i d e s  those t e s t e d .  Perhaps some f u r -  
t h e r  t e s t i n g  o f  g r a d e s  w i t h  a w ide r  range  of c h a r a c t e r i s t i c s  would be wotth-  
wh i l e .  

G ~ a r h i t e  Cloth.  One sample o f  a " g r a p h i t e  c l o t h , "  g r a p h i t i z e d  po lysc ry lon -  
i t r s e ,  was t e s t e d  under  s i m u l a t e d  walk-off c o n d i t i o n s .  
(0.017-in.) t h i c k ,  deve loped  s l i t s  and ho led  through i n  30 seconds.  Exami- 
n a t i o n  under  t h e  microscope  i n d i c a t e d  t h a t  t h e  material had no t  melted,  b u t  
t h a t  woof f i b e r s ,  e s p e c i a l l y ,  had d i s a p p e a r e d ,  presumably by o x i d a t i o n .  
S i m i l a r  r e s u l t s  have been r e p o r t e d  (Refs. 4.5).  

The sample,  0.431nm 

I f  one  assumes t h a t  m u l t i p l e  layers would behave independen t ly ,  an  dssembly 
o f  30 p l i e s ,  13- (0.5411.) t h i c k ,  might las t  15 minutes .  T h i s  is r a t h e r  
s p e c u l a t i v e  i n  t h e  absence  ~f a m u l t i - l a y e r  tes t .  Such a g r a p h i t e  c lo th  
assembly would be c o n s i d e r a b l y  l i g h t e r  t han  c o n v e n t i o n a l  g r a p h i t e  of t h e  
same dimens ions :  4.5 kg (10 l b )  for a n  a p e r t u r e  p l a t e  f o r  t h e  c o l l e c t o r  men- 
t i o n e d  lbove. M a t e r i a l  O F  t h i s  t ype  c o s t s  about  $150!kg ( $ 7 0 / l b ) .  

Coated Graph i t e .  Three  samples  of g r a p h i t e  were c o a t e d  w i t h  boron n i t r i d e ,  
which i s  w h i t e ,  and two wi th  commercial  h igh- tempera ture  w h i t e  p a i n t s .  The 
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samples behaved like uncoated samples of the same grade, except that one CS 
sample cracked all the way across, rather than halfway. 

Silica 

Samples of high-purity slip-cast fused silica with fine particle size sur- 
vived 4 minutes at insolation of 670 W/m2 and 1-1/2 minutes at 740-790 W/m2 
before slumping. The longer survival at the lower insolation suggests that 
high-purity slip-cast silica would be satisfactory at somewhat lower flux 
levels than those used in this test program. The cost of a segmented aper- 
ture plate of high-purity slip-cast silica for the collector discussed would 
be about $12/kg ($6/lb) in quantities of a hundred or so. 

Other Materials 

None of the other materials survived more than 3 minutes. Most failed within 
a few seconds. Comparison of the behavior of the various materials in the 
walk-off tests emphasizes the importance of melting point. The only mate- 
rials tested that did not melt or slump were graphite and silicon carbide. 
Neither of these materials melts at atmospheric pressure. Silicon carbide 
was nevertheless unsatisfactory because it shattered in thermal shock. Sili- 
con carbide has lower thermal conductivity than graphite, which is doubtless 
a major factor in its poorer performance. 

WALK-OFF TESTS: OXIDATION RESULTS AND DISCUSSION 

During walk-off tests the loss in thickness due to oxidation for grades CS 
and G-90 varied from 0.2 mm (0.008 in.) to 8 mm (0.3 in.) per 15 minutes of 
exposure. The corresponding loss in mass was 2 to 22% (normalized to a 
standard sample size, 25 x 200 x 200 mm (1 x 8 x 8 in.), assuming that the 
mass loss in grams is independent of sample size). This loss rate will 
probably be acceptable for walk-off protection because walk-off is expected 
to be an infrequent event and the test was more severe than the expected 
service. 

The effect of wind speed on the oxidation loss was significant (Fig. 11, and 
accounts for a large part - €  the variation in loss between samples. Interest- 
ingly, insolation did not have a significant effect upon mass loss rate. The 
literature indicates that, at the Lemperatures encountered in walk-off, the 
rate-limiting process is mass transfer through the boundary layer. Insola- 
tion level would be expected to have only a small effect on mass transfer, 
whereas wind speed would have a major effect. 

The difference in mass loss rate between grade CS graphite and grade G-90 
was not statistically significant. 
prior immersion in water had a statistically significant effect. 

Neither a boron nitride coating nor 

ACQUISITION TEST RESULTS AND DISCUSSION 

The repeated on-sunloff-sun cycles used for some samples of grade CS graph- 
ite were intended to give an indication of the extent of graphite oxidation 
during normal sun acquisitions and deacquisitions. In 700 to 2000 cycles, 
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which might r e p r e s e n t  a y e a r  o r  t w o  o f  s e r v i c e ,  t h e  samples l o s t  5 t o  7 nun 
i n  t h i c k n e s s  a r d  0.15 t o  0.2% o f  t h e i r  weight  (normal ized  t o  a t h i c k n e s s  o f  
25  mm, 1 in . ) .  Th i s  a p p e a r s  to  be t o l e r a b l e .  Wind speed  d u r i n g  t h e  simu- 
l a t e d  acquisition-deacquisition test  was 2 t o  i0 m / s ,  4.5 t o  22 m i / h ) ,  r e y r e -  
s e n t a t i v e  of t h e  wind c o n d i t i o n s  l i k e l y  t o  be encoun te red  d u r i n g  o p e r a t  ion. 

SPTLLAGE TEST KESULTS AND DISCUSSION 

The v a r i o u s  p o s i t i o n s  of  t h e  sample  edge i n  t h e  s p i l l a g e  t e s t s  were used to  
i n d i c a t e  t h e  t empera tu res  a t t a i n e d  by t h e  l i p  of a g r a p h i t e  a p e r t u r e  p la te  
exposed t o  v a r i o u s  l e v e l s  of  s p i l l a g e .  One t e s t  r e p r e s e n t e d ,  approx ima te ly ,  
t h e  c o n d i t i o n s  t h a t  were planned for t h e  o r g a n i c  Kankine r e c e i v e r  w i th  a n  
a p e r t u r e  d i ame te r  o f  350 t o  380 mm (14  t o  15 i n . ) .  The f l u x  d e n s i t y  a t  t h e  
l i p  was abou t  10 kW/m2; t h e  l i p  t empera tu re  was 107OC (225OF). 
t empera tu re  t h e  o x i d a t i o n  of g r a p h i t e  would be n e g l i g i b l e  even ove r  p e r i o d s  
of many y e a r s .  

A t  t h i s  

T e s t s  o f  o t h e r  samples  r e p r e s e n t e d  c o n d i t i o n s  on r e c e i v e r  a p e r t u r e  p l a t e s  
hav ing  d i a m e t e r s  of 150,  200, and 150 mm ( 6 ,  8 ,  and 10 i n . ) ,  pos i r ioned  
close t o  t h e  focal  p lane .  F lux  d e n s i t i e s  a t  t h e s e  p o s i t i o n s  were approxi -  
ma te ly  400, 70, and 40 kW/m2. Temperatures  reached  were, r e s p e c t i v e l y ,  
312, 173,  and 133OC (594. 343, and 27l0F).  According t G  d a t a  of  Kef.  4, 
t h e  o x i d a t i o n  r a t e  f o r  g rade  CS g r a p h i t e  below 750°C (1400OF) is  g iven  by 

-42 ,900/RTK 8 dm/dt = 5.26 x 10 e (1) 

where dm/dt = mass l o s s ,  g/m 2 s 

R = u n i v e r s a l  g a s  c o n s t a n t  = 1.986 cal/K-mol 
TK = t empera tu re ,  K 

For t h e  200 and 250 mm ( 8  and 10 i n . )  a p e r t u r e s ,  t h e  c a l c u l a t e d  o x i d a t i o n  
r a t e  is  n e g l i g i b l e .  For a 150 mm ( 6  i n . )  a p e r t u r e ,  t h e  c a l c u l a t e d  r a t e  of  
less t h a n  11:m/y c e r t a i n l y  a p p e a r s  a c c e p t a b l e .  

According t o  t h e  l i t e r a t u r e ,  g r a p h i t e  o x i d a t i o n  a t  t empera tu res  up to  7 % ~  t o  
85OOC (1400 t o  1600°F) is r e a c t i o n - r a t e  l i m i t e d .  
t h e r e f o r e ,  should  not  be s i g n i f i c a n t l y  a f f e c t e d  by wind speed.  

Loss r a t e s  due t o  s p i l l a g e ,  

SUMMARY AND CONCLUSIONS 

A test  program was c a r r i e d  o u t  t o  e v a l u a t e  behavior  o t  m a t e r i a l s  under condi- 
t i o n s  s i m u l a t i n g  walk-off of a p a r a b o l i c  d i s h  s o l a r  c o l l e c t o r .  Each t e s t  
c o n s i s t e d  o f  exposure  t o  c o n c e n t r a t e d  s u n l i g h t  a t  d peak f l u x  d e n s i t y  of 
about  7 ,000 kW/m2 for 15 minutes .  
g r a p h i t e  , si1 i con  c a r b i d e ,  s i  1 i c a  , v a r i o u s  s i  1 i c a t e s  , a lumina,  z i r c o n i a ,  
aluminum, copper ,  s t e e l ,  and polytetrafluoroethylene. O f  these ,  t h e  on ly  
m a t e r i a l  t h a t  n e i t h e r  c racked  nor  mel ted was g rade  G-YO g r a p h i t e ,  a premium 
grade .  Grade CS g r a p h i t e ,  a lower c o s t  commercial  g r a d e ,  c racked  half-way 
a c i o s s ,  b u t  d i d  riot f a l l  a p a r t .  Both of these g r a d e s  a re  medium-grain ex- 
t ruded  g r a p h i t e s .  A g r a p h i t e  c l o t h  ( g r a p h i t i z e d  p o l y a c r y l o n i t r i l e )  showed 
f a i r  performance when t e s t e d  a s  a s i n g l e  t h i n  p l y ;  i t  might  be u s e f u l  a s  a 
mul t i -p ly  assembly.  

Types of m a t e r i a l s  t e s t e d  inc luded  

b 
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The only other material tested which appeared promising was high-purity 
slip-cast silica; samples survived one and one-half to four minutes. 
duration is inadequate for walk-off protection, but the material may well be 
satisfactory at flux densities somewhat lower than those used in these tests. 

This 

The other grades of graphite and silica tested, and all the samples of vther 
materials, either melted, slumped or shattered quickly during the walk-off 
tests. 

Coatings of white high-temperature paint or boron nitride did not improve the 
performance of graphite samples. 
ing rain, did not affect their performance. 

Immersion in water prior to test, simulat- 

Oxidation of grades CS and G-90 graphite per l5minute simulated walk-off 
varied from 0.2 to 8 mm (0.008 to 0.3 in.) of thickness, from 2 to 22% of 
the ma38 (normalized to 25 rmn (1 in.) thickness). The amount of oxidation 
varied strongly with the wind speed. 

Grade C.. graphite was tested for up to 2000 cycles simulating 1-second 
periods of acquisition at the same flux density as the walk-off test. Loss 
in moderate to high winds was about 5 nun in thickness or 0.15% of the sample 
mass. Test. under skxiated spillage conditions were limited to assure- 
ments of the temperature of the li, of a simulate< aperture plate of grade 
CS graphite. They indicate that the oxidation rate of this material will be 
negligible at a flux density of 400 kW/m2 on the lip, for the graphite 
geometry and flux distribution used in test. 
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Table 1 
Summary of Results of Walk-of€ Tests 

c .  - 

# 

Material Type 

Graphite 

Sic 
Si02 

Silicates 

A1203 
Zr02 

Copper 
A 1  um i num 
Steel 

3499 
8826 
cs 

HLM-8 5 
C-90 
Cloth 

Slipcast, high purity 
Slipcast , commercial 
Fibrous, glazed 
Mullite 
Processed kaolin 
Cord ier i te 
Alumina-botia-silica 
Paper 
Cast and sintered 
Fibrous board 
Cloth 

Po lyte trafluoroe thy lene 

Thickness -- 
mm 

26 
26 
14-50 

24-26 
24-25 
0.4 
6-32 
18-21 
20-26 
41 

2 7  
25 
0.5-0.7 
0.4-1.4 
20 
2 5  
0.5 
26 
1.8 
2 
38 

32-38 

Failure Mode 

Shattered 
Shattered 
Cracked ha1 fway 
( 1  of 10 
survived 1 

Shattered 
(Survived 1 
Holed 
Shattered 
Slumped 
Dripped 
Uri pped 
Me 1 e ed 
Me 1 ted 
Melted 
Ilelted 
Me 1 tea 
Melted 
Me1 ted 
Melted 
Melted 
Me 1 ted 
Melted 
Me 1 ted 

Time 
I_ 

L t o  b: min 
1 t o  1 - 1 / 2  min 
10 s to 14 min 

1 to l - l / 2  m i n  
30 min 
30 s 
1 s  
1-1/2 t o  4 min 
10 s 
7 s  
1 t 0 4 s  
3 s  
2 s  
1 s  
2 t o b s  
20 s 
1 min 
8 s  
1 to 3 min 
1 s  
2 s  
2 min 
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Fig. 1 Effect  o f  wind speed upon mass loss by o x i d a t i w ,  for graphi:P, 
dt-ades CS and G-90, i n  walk-off tests.  
15 minutes exposure and 25 x 200 x 200 I;A ( 1  x 8 x 1! i n . )  sample. 

(Mass losses norma!.iz,:, to 
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NON-DOE-SPONSORED DOUSTIC DISH ACTIVITIES 

b 8 8 4  2 8 2 3 4  
Toshio Puj i ta 

Jet Propulsion Laboratory 
Pasadena, CA 91109 

The papers in this session are devoted to parabolic dish development 
activities being undertaken within the private sector of the United 
States. The prit. :y er;phasis of these non-DOE-sponsored activities is 
placed on the development of comrmercial products that can penetrate the 
market in the near term. The exchange of information between these 
activities and the complementary WE-sponsored work directed toward 
developing advancements in tecbnology is considered to be of major 
importance. The experiences and problems encountered in the private 
sector serve as inputs that will help guide in the planning of the DOE 
program. In turn, a principal objective of the DOE program is the 
transfer findings of its technological development activities to the 
private sector. 

Activities in the private sector are characterized by their diversity in 
terms of both product design apd marketing approach. This diversity is 
reflected in the five domestic dish activities covered in this session. 
The differences in the design concepts and the sizes of the dish 
concentrators under deveiopment are particularly noteworthy. 

.. 
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Advanced Solar Power, Inc. 

.Anaheim, California 92806 

Abstract 

Advancad Solar Power, lnc. (ASPI) has developed a demonstratian prototype of 
a point focusing solar power system. R e  concentrator is 3 modified 
Cassegrain system (10th order aeneralized %spheric mirrors) producing 10,000 
suns at the focal point. The integral receiver Ls an extended, pressurized 
black-body eaviiy designed to operate at 700 psi and 503 OF. T'ne system 
tracks on two axes under microprocessor control. The demonstration prototype 
has a 4 kilovatt thermal (kWt) mirror mountad on a 40 kWt receiver s::stei and 
is trailzr-sounted (freeway legal) for experimental use. 

Because or' the patented black-body cavity receiver design, high thermal 
efficiencies of 802 with aluminimum and 90% with silver on the mirrors are 
calculated. Energy is transferred directly from photons to the molecules of 
the working fluid (water). The design system efficiency for this technclogy 
is virtually constant in the working range of 350 OF ta 2COO "F and 135 p s i  
to 10,000 psi because reradiatior. is negligible. 

Commercial units are sited at 40-50 kWt (highway transportable), 50C k'rlt 
lheliccpter transportable) and 1 Wt (mirrors manufactured on site). '*Lie 
tooling is expensive, qu: itity aanufacturiaz Is inexpensiva and deslqc2c 
be automated. The 40 kWt to 50 kWt (136.00 to 170,000' ucits wili c o s t  about 
$20,000 per unit with an available sc-e3m engine at a prodxtion :are of 306 
units per year. h cogeneration version may cost on :he order of S2,350 per 
kilowatt electric (kWe) for 1 to 10 XWe and 120,GOO BTU/hr for a tIIcma1 
load. The 530 k5Jt to 1 Wt uni:s are zstimated to cost $lOO,OOc) to S153,.300 
at a production race of 500 unitslyear with .he high likeiihood of using 
conventianal team t-zrbine generator technology to achieve S6OG to $1 ,GGO per 
iWe of capacity inst2l:ed : o s t .  

. - '  

c 

A i l  sizes 3f ASPS units have the .merent capability of buffer storage of 
abouat i hours of energy ccl:e:tion. Applications for ASP; ,nits range f r o n  
irrigation pumping, .:%>generation and inuastrial process heat to 
heater!treater operations in :>iifields. The larger units are designed io be 
competitive with r'ossii f u e l  as oilfield steam generacors, large-scaie 
chemical production, particularly In conjunction with geothermai wells, and 
eiec:ric power production. Since any transparent or translucent working 
nsdicx 2a- i  be used, possibilities exist f o r  very efficient systems using 
h + i i r l T ,  a i r ,  tolulene or sewage sludge 3s a ucrking me4gx. 
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Introduction 

The Advanced Solar Power System (ASPS) uses a technically sophisticated 
,c  ' design and extensive tooling to produce very efficient (80-901x) and 

versatile energy supply equipment which is inexpensive to manufacture and 
requires little maintenance. The advanced optical design has two 10th order 

* I generalized aspheric surfaces in a Cassegrainian configuration which gives 
outstanding performance and is relatively insensitive to temperature changes, 
wind loading and manufacturing tolerances have been achieved. 

< A 4 kilowatt thermal (kWt; 14,000 BTJ/hr) freeway transportable demonstration 
prototype unit has been designed, constructed and tested. The system, 
illustrated in Figure 1 uses automatic two-axis tracking, focusing and 
alignment under microprocessor control to give high geometric efficiency and 
low manufacturing and maintenance cost?. The required mechanical motions are 
provided by hydraulic actuators wbich have stored energy to provide high 
power levels for an emergency scram or during high wind conditions. Routine 
power reqhirements are very low. 

The key t o  the ASPS is the direct absorption of concentrated sunlight in the 
working fluid by radiative transfers in a black- body cavity. This heat 
transfer mechanism is lOOX efficient by physical law. Thus the tSermodynantic 
efficiency of the system is determined by the reflectivity of the two mirror 
surfaces and the transmission of the pressure window surface. Heat losses 
through the optical cavity walls can be limited by insulation to any desired 
economic vaiue. 

A broad range of temperatures (350 to 2000 deg F) and pressures (0  to 10,000 
psi) are efficiently obtainable with this system which makes it very 
effective for many unique applications. The first commercial prototype ASPS 
Vi11 supply 40 to 50 kWt (136,000 to 170,000 BTU/hr) in the form of high 
temperature and pressure steam (350 to 700 deg F at 300 to 700 psi). 

Basic ASPS Design Concepts 

Figure 2 illustrates the basic design concepts underlying the ASPS 
technology. The key patented element of the ASPS is the black-body cavity 
receiver where photons &re assorbed directly ia the working medium. Max 
Planck's ineight in 1399, explained the observed distribution of energy in a 
black body cavity at temperature T, by limiting permissible energy values to 

'n = nhf (Verh.d.D.Phys.Ges. d 2, 237 (1900); Ann.d.Physik - 4, 553 (1901)). 

.- - 
Albert Einstein developed a sounder mathematical basis for the quantization 
of amtter and radiation (Ann. d. Physik l'f, 132 (1905); Phys. Zeits., l8, 121 
(1917)). The result of the quantization condition is that energy enciosed in 
an insulated cavity will always produce a given waveler?grh and intensity 
distribution dependent only on the absolute temperature (TI and not on the 
working fluid or the wall materials. 

A typical black-body cavity is externally heated and has black walls and a 
small exit hole allowing the escape of black body radiation. Based on the 
principle that almost all optical phenomena are reversible, the ASPS . 

I, 
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i n t roduces  concen t r a t ed  solar r a d i a t i o n  i n t o  an enc losed ,  i n s u l a t e d  c a v i t y  
through a small p r e s s u r e  window. A e o p h i s t i c a t e d  o p t i c a l  system is r equ i r ed  
t o  g i v e  high c o n c e n t r a t i o n  r a t i o s  (10 1 and keep t h e  e n t r a n c e  a p e r t u r e  area a 
small p a r t  (less than 1%) of t h e  t o t a l  c a v i t y  s u r f a c e  area. The en t r ance  
window must be h i g h l y  t r a n s p a r e n t  to  t h e  sahr  spectrum to  prevent  l o c a l  
hea t ing .  Energy is d i s p e r s e d  down t h e  p r e s s u r e  tube  by a t u r n i n g  m i r r o r  t o  
prevent  ho t  s p o t s  and t o  p reven t  d i r e c t  r e f l e c t i o n s  back o u t  t h e  window f o r  
any incoming rays.  The walls o f  t h e  c a v i t y  are h i g h l y  r e f l e c t i v e  ( s p e c u l a r  
and/or  d i f f u s e )  LO a i d  w a l l  i n s u l a t i o n  and t o  permit  p r e f e r e n t i a l  abso rp t ion  
of  solar photons i n  t h e  working medium (e.g. ,water).  A l l  photons are 
absorbed and r e r g d i a t e d  by t h e  medium and c a v i t y  walls wi th  a t y p i c a l  time 
c o n s t a n t  of 10- seconds u n t i l  t h e  black-body cu rve  f o r  t h e  e q u i l i b r i u m  
temperature  (TI is achieved i n  less than a microsecond. 

By the  p r i n c i p l e  of Conservat ion of Energy, t h e  r a d i a t i v e  t r a n s f e r  of energy 
from photons t o  t h e  working f l u i d  is 100% e f f i c i e n t .  To prevent  d i r e c t  
r e f l e c t i o n  of s u n l i g h t  o u t  t h e  e n t r a n c e  a p e r t a r e ,  t h e  minimum r a y  pa th  i n  the  
working f l u i d  is  designed to be an a b s o r p t i o n  l eng th  f o r  a g reen  photon. 
This  is about 10 f e e t  f o r  t a p  water. A minimum leng th  for t h e  o p t i c a l  c v i t  
is e s t a b l i s h e d  s i n c e  a r e f l e c t e d  r ay  would be a t t e n u a t e d  by a t  least l / e  . t y  

For r e r a d i a t i o n  t o  e f f e c t i - s l y  e s t a b l i s h  thermal e q u i l i b r i u m  i n  t h e  opLical  
c a v i t y ,  t h e  working f l u i d  must be t r a n s p a r e n t  o r  t r a n s l u c e n t  t o  the  
e q u i l i b r i u m  temperature  spectrum as well as t h e  solar spectrum. The minimum 
temperature  f o r  t a p  water appea r s  t o  be about  350 degrees  F. A t  h ighe r  
temperatures, e q u i l i b r i u m  w i l l  be e s t a b l i s h e d  f a s t e r .  A t  lower f l u i d  
t empera tu res ,  an expanding 350 degree F. bubble is formed a t  t h e  i n s i d e  of 
t he  e n t r a n c e  window and a t  t h e  a d j a c e n t  t u r n i n g  mirror. S ince  t h e  t u r n i n g  
m i r r o r  and window do not melt on s t a r t -  up, t h i s  has  been demonstrated t o  be 
an e f f e c t i v e  h e a t  t r a n s f e r  mechanism. 

Energy, w i l l  of c o u r s e ,  be r e r a d i a t e d  o u t  t h e  e n t r a n c e  a p e r t u r e .  However, 
s i n c e  the  e n t r a n c e  a p e r t u r e  sees only t h e  suns d i s k  ( t h e  o p t i c a l  system is 
r e v e r s i b l e ) ,  a n e t  t r a n s f e r  of  energy from t h e  c o o l e r  c a v i t y  t o  t he  h o t t e r  
sun would v i o l a t e  t he  f i r s &  and second laws of thermodynamics. The high 
c o n c e n t r a t i o n  r a t i o  of 10 t o  1 a l s o  makes r e r a d i a t i o n  l o s s e s  n e g l i g i b l e .  
Because no energy must be t r a n s p o r t e d  through an abso rb ing  s u r f a c e  ( t he  
window is t r a n s p a r e n t  and a thermal i n s u l a t o r )  t h e  o p t i c a l  c a v i t y  can be 
i n s u l a t e d  as well as d e s i r e d  with c o s t  as t h e  l i m i t i n g  f a c t o r .  Vacuum 
i n s u l a t i o n  i n  a Dewar c o n s t r u c t i o n  has  been chosen as an economic and 
convenient  i n s u l a t i o n  method i n  t h e  4 kWt demonstrat ion p ro to type .  The 
microtherm space r s  used a r e  e f f e c t i v e ,  but o t h e r  i n s u l a t i o n  can be used 
without  compromising t h e  system p r i n c i p l e s  i n  any wag. 

To provide p r e c i s e  temperature  c o n t r o l  of t he  working f l u i d  wi thou t  l o s i n g  
sun t r a c k ,  a wovable b a f f l e  is provided i n  t h e  o p t i c a l  c a v i t y  of the l a r g e r  
systems. This b a f f l e  blocKs l i g h t ,  which t r a v e l s  i n  s t r a i g h t  l i n e s ,  but  does 
not  block f l u i d  p re s su re .  S ince  t h i s  is not  a c i r c u l a t i n g  system t h e  system 
p r e s s u r e  is set by the  feed pump which pumps cold f l u i d .  
If more energy is e n t e r i n g  the  c a v i t y  r b m  is being removed, :he b a f f l e  is 
moved down the  p r e s s u r e  t u b e ,  i n c r e a s i n s  the s i z e  and t h e  hea t  c a p a c i t y  of 
t h e  c a v i t y  and ma in ta in ing  a cons t an t  tet9perati:re. I f  mora energy is  being 
removed from t h e  c a v i t y  by withdrawing f l l t i d  t t a n  is e n t e r i c e  the c a v i t y  from 
t h e  sun ,  then t h e  b a f f l e  is moved up t h e  rube.  This dec reases  t h e  size of 
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t he  cav i ty  and the  hea t  capaci ty  while maintaining a constant  temperature of 
the  working f lu id .  In t h i s  way, i d e a l  engine or turb ine  opera t ing  condi t ions  
can be achieved and the Carnot e f f i c i ency  of the  system can be maximized. 

System Eff ic iency  

Because the  ASPS has no appreciable  r e r a d i a t i o n  losses, the only s i g n i f i c a n t  
energy losses  are from the t w o  mirror r e f l e c t i o n s  and the r e f l e c t i o n  a t  the  
su r face  of the  pressure  window. Because of t he  s teepness  of the mirror  
curves ,  25% of the primary mirror  i n t e rcep t  area is at  ray angles  OL less 
than 45', and a la rge  p a r t  of the  secondary mirror  area has ray angles  of 
less than 45'. Since a t  acute  angles  the r e f l e c t i v i t y  of the  aluminum ( o r  
s i l v e r )  layer  and the p l a s t i c  ou te r  sur face  approaches 1 a t  the  c r i t i c a l  
angle ,  fo r  a given wavelength, the t o t a l  r e f l e c t i v i t y  exceeds 80% fo r  
aluminum and 30% fo r  s i l v e r  coat ings.  Use of d i ch ro ic  coa t ings  could 
increase  these r e f l e c t i v i t i e s  but may not  be economic. The pressure  window 
does have a d ichro ic  coa t ing  which transmits b e t t e r  than 99.5% of the  s o l a r  
spectrum inc ident  i n  an fl1.0 cone. Af te r  energy is  in s ide  the  window, it 
is i n  the  black body-cavity and w i l l  con t r ibu tz  t o  the  equi l ibr ium 
temperature by r ad ia r ion  or  conduction. 

The high vacuum i n s u l a t i o n  proposed, i f  properly designed, can g ive  1 8 8 6 s  of 
less than 1% per day f o r  a s i n g l e  Dewar design maintained a t  10 Torr. 
Additional i n su ia t ion  can be added t o  reduce thermal losses t o  any des i red  
value.  I f u r t h e r  t e s t i n g  of the  4 kWt u n i t ,  ca lo r ime t r i c  ana lys i s  w i l l  
p r imar i ly  m a s u r e  the e f f i c i ency  of the cavi ty  insu la t ion .  The r e f l e c t i v i t y  
of the mirrors  can easily be measured sepa ra t e ly  as a func t ion  of inc ident  
angle and wavelength in tegra ted  over the solar spectrum. Tracking e f f i c i ency  
is not a f a c t o r  because i t  is  e i t h e r  adequate t o  keep the sun ' s  image on the 
pressure vixdow o r  parts of t h e  system melt o r  burn. However, the  
ca lo r ime t r i c  ana lys i s  d i r e c t l y  measuring the r a t i o :  

-8 

= e f f i c i e n c y  Energy i n  f 1 . d  
Direct solar i n s o l a t i o n  

w i l l  g ive an e a s i l y  understood measure of system e f f i c i ency .  

Moreover, t h e  s ta r t -up  v a r i a t i o n s  of temperature as a funct ion of pos i t i on  
along the tube w i l l  g ive an ind ica t ion  of the working f l u i d  opaci ty  as a 
funct ion of equi l ibr ium temperature. This is a d i f f i c u l t  number t o  c a l c u l a t e  
accura te ly  f o r  water and many o ther  f l u i d s ,  although a lower opera t ing  l i m i r  
of about 350 degrees F. is expected i n  water. 

A unique advantage of t h e  ASPS is the  e s s e n t i a l  independence of thermal 
e f f i c i ency  from equi l ibr ium cpera t ing  temperature o r  the ex te rna l  
environment. Thus t h e  s-jstetit can be operated t o  optimize the  performance of 
ex te rna l  devices o r  processes.  The p r a c t i c a l  upper l i m i t  f o r  a fused quar tz  
window operated a t  pressures  t o  10,000 p s i  is about 2,000 degrees F. 
Crys ta l ine  quar tz  windows would be l imited to  about 3,000 degrees F. 
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ASPS O p t i c a l  System 

Conventionel t e l e s c o p e s  a r e  designed t o  r e s o l v e  3 F s i n t  sou rce  ( s t a r )  a t  
i n f i n i t y  and have p a r a b o l i c  prime m i r r o r s  as de r ived  by S i r  I s aac  Newton 
(1671) .  A conven t iona l  Cassegrain s y s t e m  has a p a r a b o l i c  p r i m a r y  and a 
hyperboi..c secondary to  g i v e  a more convenient  focus f o r  spec t rog raph ic  
e t u d i e s  of stars as de r ived  by N. Cassegrain (1672) .  However, t he  sun 
subtends 1 / 2  degrze of a r c  a t  t h e  e a r t h ' s  o r b i t  and is  thus not a po in t  
source a t  i n f i n i t y .  Th i s  obse rva t ion  is taken i n t o  account i n  t h e  d e s i g n  of 
t h e  ASPS. The two r e f l e c t i v e  o p t i c a l  s u r f a c e s  were designed us ing  the  full 
power of t h e  O p t i c a l  Researach Assoc ia t e s  (ORA) of Pasadena, C a l i f o r n i a  
p r o p r i e t a r y  so f tware  programs and hardware. The optimized s u r f a c e s  a r e  given 
by: 

The ORA o p t i c a l  a e s i g n  programs are g e n e r a l l y  recognized as t h e  b e s t  
a v a i l a b l e  for sys t ems  c o n t a i n i n g  r e f l e c t i v e  elements .  

Figure 3 shows the  o p t i c a l  diagram f o r  t he  4 kWt ASPS which was c o n s t r u c t e d  
us ing  t w o  hyperbolas .  The improvement over the conven t iona l  des ign  is  
s i g n i f i c a n t  a t  the  edge of t h e  f i e l d  ( s u n ' s  r i m )  which is the  area or' primary 
concern. Because the  o b j e c t i v e  is t o  put l i g h t  through a h o l e ,  t he  energy 
d i s t r i b u t i o n  i n  the  c e n t e r  of t h e  s u n ' s  image is of l i t t l e  concern.  The 
demonstrat ion u n i t  des ign  was l imi t ed  t o  con ic  s e c t i o n s  because t h e s e  s imple r  
equa t ions  were presumed t o  s i m p l i f y  manufacture and t e s t i n g  of t h e  m i r r o r s .  

However, t he  a a n u f a c t u r i n g  and t e s t i n g  methods developed du r ing  t h e  
f a b r i c a t i o n  and t e s t i n g  of t h e  demonstrat ion 4 kWt sys tem revealed t h a t  u s ing  
conic  s e c t i o n s  was not an advantage.  Numerically c o n t r o l l a d  machine tools 
used t o  g e n e r a t e  the  sweep  template  f o r  c o n s t r u c t i n g  m i r r o r  molds po in t  f i t  
anyway and can accept  the 10th order curve.  Conventional t e s t i n g  methods do  
not  work f o r  our  very f a s t  sys tems (G kXt;f/l, 4r! kiJt ; f /0 .8)  because t h e r e  is  
no p r i m e  focus but  on ly  a volume de f ined  by r ays  from the  primary m i r r o r .  
Figure 4 shows the o p t i c a l  diagram 10th o r d e r  des ign  o r  t he  &!I kWt s i r r c r s .  
The nore s o p h i s t i c a t e d  des ign  provides  steeper Cuives with h i s h e r  
r e f l s c t i v i t y  and more mechanical s t r e n g t h .  I n  a d d i t i o n ,  t h i s  d e s i g n  h a s  a 
lower obscu ra t ion  r a t i o  ( 1 1 . 2 f  - 1l r .X)  and b e t t e r  manufacturing t o l e r a n c e s .  

The obscura t ion  r a C i o  is d e l i b e r a t e l y  kept  l a r g e r  than 10% t o  permit  t h e  u s e  
of a p l a s t i c  seconddry m i r r o r  rather than t k e  s t a i n l e s s  s tee l  secondary 
o r i g i n a l l y  proposed. 3 b s c u r a t i o n  r a t i o s  i n  t h e  range used a l s o  g ive  b e t t e r  
manufacturing t o l e r a a c e s .  The  mi r ro r  des ign  is t o l e r a n t  of t h e  p r i n a r y  
environmental  e f f e c t s  of  temperature changes and wind l o c l i n g .  Temperaturs 
i n c r e a s e s  b r i n g  up t h e  rim of the m i r r o r ,  i n c r e a s i n g  the  c u r v a t u r e  and t h u s  
sho r t en ing  tke f o c a l  Len, : ; a .  This e f f e c t  can be c o r r e c t e d  by automatic  
r e focuss ing .  The wind IC ',ng changes the p o i n t i n g  of t h e  m i r r o r  w h i c h  c,in 
be c o r r e c t e d  by the  f i n e - t r a c k i n g  sys tem.  

Xanufacturing t o l e r a n c e s  required f o r  the 4 kYt u n i t  have been achieved and 
w i l l  scale l i n e a r l y  w i t h  s i z e  f o r  t h e  proposed 40 kWt u n i t .  The key 
to?erance is 1 m i l l i r a d i a n  random d e v i a t i o n  on the mean s l s p e  of t h e  primary 
mi r ro r .  Achievement of t h i s  t o l e r a n c e  on the demonstrat ion u n i t  was measured 
n? a Cordax u n i t  and a l s o  shown j y  t h e  o p t i c a l  performance af the complete 



s y s t e s .  The s u n ' s  image on the  f ace  of the p r e s s u r e  window was c a l c u l a t e d  t o  
be 1.1 inches  i n  dixneter with t h e  a l lowab le  t o l e r a n c e s .  The a c t u a l  diameter 
was measure8 t o  be 1 08 i nches .  

To provide L! .E s u p e r i o r  o p t i c a l  performance a t  sinimum c o n s t r u c t i o n  and 
maintenance C O S C ,  t h e s e  m i r r o r s  must move as a u n i t  w i thou t  u n p r e d i c t a b l e  

' changes i n  f i g u r e .  Thus a l l  t h e  materials used i n  a m i r r o r  must have similar 
c o e f f i c i e n t s  of expansion,  t h e  mi r ro r  must be damped t o  avoid s t a n d i n g  waves, 
and i t  must be of rnoaocoque c o n s t r u c t i o n  t o  avoid con t inu ing  adjustment .  The 
ASPS m i r r o r s  are made of f i b e r g l a s s  and paper honeycomb with a s l i g h t l y  
s t r e t c h e d  r e f l e c t i v e  s u r f a c e  of aluminum or s i l v e r  with a s l i p p e r y  ~ l z s t i c :  
o u t e r  p r o t e c t i v e  l a y e r .  This l i gh twe igh t  c o n s t r u c t i o n  is economical b e c a s e  
the  materials a r e  inexpensive ($i .50/Lbd.) ,  f a b r i c a t i o n  can be automated, 
t h e r e  are no labor  i n t e n s i v e  subassemblies  and t h e r e  is no need f o r  
con t inu ing  alignment adjustments .  
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Con t r o  L s 

The ASPS f e a t u r e s  automatic  t r a c k i n e  and focusing under microprocessor  
c o n t r o l  p r i m a r i l y  f o r  economic reasons.  The c o a r s e  t r a c k i n g  system l o c a t e d  
on the  back of t h e  secondary m i r r o r  is a simple quadrant  d e t e c t o r .  The 
system is cons t ruc t ed  us ing  fou r  photo s e n s o r s  (pho to  t r a n s i s t o r s )  t h a t  a r e  
loca t ed  under d i f f u s i n g  domes ( p i l o t  l i g h t  cove r s ) .  The s e n s o r s  d e t e c t  t h e  
shadow c a s t  by a b l ack  h a t .  Since the  system o p t i c a l  a x i s  is  b e r e s i g h t e d  t o  
the  coase d e t e c t o r  equal shadows ; z r t  on a l l  fou r  s e n s o r s  mean the  d e t e c t o r  
is pe rpend icu la r  t o  t h e  s u n ' s  rays. This sytem w i l l  a c q u i r e  the  sun w i t h i n  
180 degrees  ( 2  s t e r a d i a n s )  and lock on w i t h i n  15 seconds.  

The f i n e  t r e c k i n g  and fo,using system looks through 4 q u a r t z  f i b e r s  a t  the 
s u n ' s  image on the  f ace  of t h e  pressure window. Again t h i s  arrangement is a 
quadrant  d e c t e c t o r  which cezters t he  image on the window. Add i t iona l  
,?gorithms a r e  used :a minimize the s i z e  of t h e  image, t hus  i n s u r i n g  proper  
focus.  X c lock  is a l s o  contained i n  the  microcomputer p e r m i t t i n g  rough 
t r a c k i n g  without  a v i s i b l ?  sun. This s o p h i s t i c a t e d  but  inexpensive c o n t r o i  
system p e r m i t s  less r i g i d i t ; ?  i n  the mount, pr ime m i r r o r  and secondary s i r r o r  
support  ( s p i d e r )  than a convent ional  t e l e s c o p e  d r i v e  would r e q u i r e  This 
r e s u l t s  i u  enormous sav ings  i n  sys tem weight and c o s t .  na in t enance  is also 
g r e a t l y  reduced s i n c e  t h e r e  a r e  no manual adjustments  r equ i r ed  f o r  changing 
environmental  or o p e r a t i n g  cond i t ions .  

The microcomputer also p e r f o m s  c r i t i c a l  performance monitor ing and rsmote 
c o n t r o l  from any locat io , ;  with a communication l i n k  ( e .g . ,  t e l ephone) .  
Energy product ion i s  monitored for b i l l i n g  purposes and tampering wi th  t h e  
u n i t  could be d e t e c t e d .  Whenever dangerous temperatures  or p r e s s u r e s  are 
measured o r  sun-track is  l o s t ,  t he  u n i t  is programmed to  scran by r o t a t i n g  90 
degrees  o f f  t he  sun w i t h i n  5 seconds.  I f  t he  u n i t  is no t  moved o f f  t h e  sun 
w i t h i n  15 seconds,  of cour se  p a r t s  of t h e  system burn o r  rne1.t. S t r a i n  gauges 
w i l l  be used t o  sense  excess ive  wind loading and i n s t r u c t  t he  c o n t r o l  
so f tware  t o  move t h e  u n i t  i n t o  a z e n i t h  stow p o s i t i o n .  
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Mount - 
An e q u a t o r i a ,  mount as i l l u s t r a t e d  i n  i g u r e  5 ,  is the  most economic design 
f o r  the l i m i t e d  suppor t  requirements  of t h e  ASPS. The sun p o s i t i o n  is well 
knovn as t h e  e a r t h  r o t a t e s  d a i l y  about i t s  i n c l i n e d  (23 - 112 degrees )  polar  
axis and completes a y e a r l y  e l l i p t i c a l  o r b i t  around t h e  sun. The d a i l y  
r o t a t i o n  is most e f f i c i e n t l y  accomplished about an a x i s  p a r a l l e l  t o  the 
e a r t h ' s  axis ( i . e . ,  a north-south a x i s  i n c l i n e d  a t  the  l a t i t u d e  a n g l e ) .  The 
seasona l  v a r i a t i o n s  then r e q u i r e  a 23 1/2 degree  i n c l i n a t i o n  range 
pe rpend icu la r  t o  t h i s  axis. 

Because the ASPS needs a long a b s o r p t i o n  path i n  t h e  working f l u i d ,  a 
c y l i n d r i c a l  r e c e i v e r  r each ing  from t h e  ground t o  the  Casseg ra in i an  focus i s  
our  e f f i c i e n t :  c o l l e c t i o n  v e s s e l .  The p r e s s u r e  tube p rov ides  a very r i g i d  
axis of r o t a t i o n  i n c l i n e d  a t  the l a t i t u d e  angle  without  a d d i t i o n a l  exper.se. 
The system i s  designed t o  o p e r a t e  i n  up t o  h u r r i c a n e  f o r c e  ( 6 5  mph) winds and 
t o  s u r v i v e  i n  a stowed p o s i t i o n  ( h o r i z o n t a l )  f o r  winds of 150 mph. The 
m i r r o r s  are f a b r i c a t e d  t o  meet m i l i t a r y  requirements  for wind s u r v i v a l  s i n c e  
the technology used was developed f o r  m i l i t a r y  use. The h o r i z o n t a l  stow 
p o s i t i o n  is chosen t o  g i v e  n e g a t i v e  l i f t :  t he  B e r n o u l l i  f o r c e s  are down. 
Thus h u r r i c a n e  winds would tend t o  f o r c e  the  stowed m i r r o r  i n t o  the ground. 
Since the  mount is s t r o q g  i n  compression, on ly  s u p e r f i c i a l  damage t o  the  u n i t  
would be a n t i c i p a t e d .  

H yd r au 1 i c a c t u a t o r s  we used f o r  t r a c k i n g  and focusing 
f u n c t i o n s  because they a r e  e f l e c t i v e ,  r e l i a b l e  and economical. Minimal power 
i s  r equ i r ed  f o r  r o u t i n e  t r a c k i n g  and focusing.  On the  4 kWt demonstrat ion 
p r o t o t y p e ,  a small (0.1 HP) e l e c t r i c  pump i n t e r m i t t e n t l y  r e p l e n i s h e s  an 
accumulator tank r k i c h  s t o r e s  energy. Hence, l a r g e  in s t an taneous  puwer I 

demands can be m e t  €o r  emergency scram f u n c t i o n s ,  rapid s o l a r  a c q u i s i t i o n  
a f t e r  l o s i n g  t r a c k ,  and s lewing t o  the  stow p o s i t i o n  i n  case  of high winds. 
A d d i t i o n a l l y ,  t5e f l u i d  c h a r a c t e r i s t i c s  of a h y d r a u l i c  system can absorb 
mechanical shocks generated by wind g u s t s ,  also provide d e s i r e d  damping i n  
the  t r a c k i n g  and focusing f u n c t i o n s  and prevent  "hunting". 

The p r e s s u r e  tube r e c e i v e r  i s  i n c l i n e d  a t  t h e  l a t i t u d e  angle  with t h e  north 
end r a i s e d  i n  t h e  no r the rn  hemisphere. Sirice t h e  m i r r o r  must c l e a r  the 
ground a t  s u n r i s e  and s u n s e t ,  there is s u b s t a n t i a l  ground c l e a r a n c e  which 
would p e r m i t  o t h e r  land uses such as farming beneath the c o l l e c t o r s .  The 
suppor t  s t r u c t u r e s  can be made adap tab le  t o  t h e  i n s t a l l a t i o n  l o c a t i o n  cnd 
t e r r a i n .  F l a t  land is not r equ i r ed  and i n s c a l l a t i c n  on top of b u i d l i n q s  
appears  t o  be economic. The suppor t ing  p i e r s  must be adequate  t o  counter  the 
wind shea r  f o r c e s  generated by t h e  d rag  c o e f f i c i e n t  of t he  m i r r o r s  i n  
h u r r i c a n e  fo rce  winds; o the rwise ,  p i e r  m a t e r i a l s  can be s e l e c t e d  on 3 c o s t  
b a s i s .  

App l i ca t ions  

Commercial u n i t s  of t h e  ASPS a r e  s i z e d  f o r  t r a n s p o r t a b i l i t y  and e f f e c t i v e n e s s  
f o r  p a r t i c u l a r  a p p l i c a t i o n s .  The smallest p r a c t i c a l  u n i t  pr3duces 40 kWt 
with a round mi r ro r  and 50 kWt w i t h  a square a!.:ror (see Figure 5 ) .  The 
mirvrs  a r e  t r a n s p o r t a b l e  i n  two dectiot:. over the i n t o r s t a t e  highway system 
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without a special permit. 

estimated to be about $20,000. 

A power 
(10 kilowatt electric; kWe) for electrical generation or pumping and 70% of 
the power for thermal loads at an estimated cost of about $2,300 per kWe of 
capacity with 120,000 BTU per hour of commercial grade steam as a byproduct. 
Such a system would be competitive with diesel electric systems and oil field 
boilers operating in remote areas. Installation costs are minimal in large 
part because only two piars are required on a north-south axis. 

With a production volume of at least one unit per 
e day, 300 units per year, direct costs with an available steam engine are 

r 
cogeneration version of the ASPS would provide 20% of the available 

Economics of scale can be actievec! through other ASPS unit designs that would 
produce 500 kWt with a direct insolation oi 1 kW per square meter. In this 
case, the prime mirrors are he!.icopter transportable at a reasonable cost. 
This system was originally designed for solar thermal oil recovery (STEOR) 
applications. Each unit would produce 1.7 Million BTU per hour of steam at 
any desired temperature and pressure; however, it is desirable to operate 
the ASPS at or above the critical point (705 F ,  3204 psi). Thus a 
cogeneration system producing 150 &We along wit:: 1.2 Million BTU per hour of 
500 F. steam is feasible and very attractive. System costs at production 
rates of one per day are estimated to be on the order of $100,000 per system. 
This gives a cost of approximately $667 per kWe of capacity for electrical 
generation. The same system with a variety of operating parameters is 
economic for industrial process heat and cogeneration applications. 

0 

The largest sized units economically producible with our patented technology 
appear to be 130 feet in diameter with an output of 1 MWt. With the mirrors 
produced on site in quantities of 500 or more, the steam producing system is 
estimated to cost $150,000 per unit. The installed cost of a large 
electrical generation plant would be in the range of S600 to $1,000 pet kWe 
of capacity. 

These larga 1 MWt units are also useful for  large-scale chemical production, 
particularly in conjunction with geothermal wells. Because any transparent 
or translucent working medium can be used, posuibiLities exist for very 
efficient systems using helium, air, toluene and sewage sludge as a working 
medium. A3 a final point, all sizes of ASPS units havr inherent buffer 
storage of about 1 hour of energy colle Zion. Constant temperature and 
pressure steam storage is als3 available at a 50% system cost increase for 24 
hours of energy collection storage. 
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P a r a b o l i c  d i s h  t e c h n o l o p y  h a s  f o r  t h e  most p a r t  t o  d a t e  
been borrowed from e x i s t i n o  and e x p e n s i v e  microwave d i s h  tech-  
~ o l o ~ y  r a t h e r  thar. d e s i e n e d  t o  accornodate e l e c t r i c a l  g e n e r a t i n p  
s c h e m e ?  w i t h  a gocd D r o b a b i l i t y  o f  s u c c e s s  i n  p r a c t i c a l  a p p l i c a -  
t i o r . ? .  S t u d i e s  by t h i 5  a u t h o r  o f  t h e  p o s s i b l e  u s e s  o f  v a r i o u s  
e n ~ j r ~  ' PeRera to r  d e s i p n s  and  s i z e s  w i t h  d i s h e s ,  show t h a t  t h e  
most i v n e d i a t e  p o s s i b i l i t i e s  f c r  implerneri+.ation a r e  ir! a 3Kw 
(lOrn2) F i z e  c a n a b l e  o f  v e r s a t i l i t y  of a p p l i c a t i o n  and m a r k e t i n p ,  
w h i c h  ;resists also i n  c o m p e n s a t i n e  f o r  i n a d e q u a t e  d e v e l o p m e n t a l  
f u n d i n e  a v a i l a b i l i t y .  

I n n o v a t i o n  i n  d i s h  r l e s i e n  h a s  p rcduced  a lorn2 d i s h  a t  a 
cost l e v e l  c o m m t i b l e  w i t h  DOE e o a l s  u n d e r  STPP f o r  1990 i n  
c o n j c n c t i o n  w i t h  a 3hw g e n e r a t o r  d e s i e n .  The p r o d u c t i o n  c o s t  
n rob lems  o f  a 3Kw s i z e  module may s o o n  be s o l v e d .  I t  r e m a i n s  
f o r  a s u i t a b l e  P e n e r a t o r  t o  b e  d e v e l o p e d  and  tes ted  a t  w h a t  a r e  
r e a s o n e d  t o  be commrable c o s t  l eve ls  i n  o r d e r  t o  a c h i e v e  t h e  
o v e r - a l l  DOE o b j e c t i v e s .  

wh ich  i s  a f u n c t i o n  o f  i t s  s i z e .  

are r e a d i l y  a v a i l a b l e  and  a d a p t a b l e  t o  the p r o d u c t i o n  o f  srnzill 
modules.  

c o s t s .  

603+w/Hr make  a 3Kw a s l i e h t  p r o d u c e r  i n  t h e  c o n s u m e r / r e t a i l  
market. 

ar?d r e t a i l  consumer - which w i l l  s p e e d  i m p l e m e n t a t i o n .  

l a n d  a r e a .  

(1) T h e  lorn2 r a n o e  h a s  a s i m p l i c i t y  and ease c f  maintena:ice 

(2) E x i s t i n e  l a b o r  f o r c F s  and p l a n t  c a p a c i t y  now unused 

(3)  Off-site c o n s t r u c t i o n  w i l l  c o n t r i b u t e  t o  l o w e r  c a p a c i t y  

( 4 )  Averaee  r e s i d e n t i a l  energ .y  r e q u i r e m e n t s  i n  t h e  U.S. 0 

( 5 )  Versa t i le  m a r k e t s  are a v a i l a b l e r  u t i l i t y ,  commerc ia l ,  

( 6 )  Component h a r d w a r e  is r e a d i l y  available and c o m p a t i b l e .  
( 7 )  The smaller s i z e  is  a more p r o d u c t i v e  u s e  o f  a e i v e n  

I n  summary, o v e r - a l l  economic  c o n d i t i o n s  now ex tan t  i n -  
d i c a t e  t h a t  a 3Kw 10m2 d i s h / p , e n e r a t o r  module s t a n d s  u p  a g a i n s t  
t h e  l a r p e r  s i z i n g s  as l e n d i n g  i t s e l f  t o  t h e  most  r a F i d  d s v e l -  
opmcnt and  t h e  e rea tes t  marke t ing ,  v e r s a t i l i t y .  I t  t h e r f o r e  
stands t h e  best  c h a n c e  of s u c c e s s  o v e r  t h e  n e x t  f i v e  t o  t e n  
years f o r  c o m m e r c i a l i z a t i o n .  
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In 1983. Power Kinetics, Xnc. fabricated, tested and shipped 18 PKI 
"Square Dish" solar collectors for the SOW' Project in Saudi, Arabia. 
The installation uses ?30* syltherm 800 to power a desalination 
facility . 

In the course of completing the project, the PKI Square Dish was 
subjected to rigorous design attention reEarding corrosion at the site, 
and certification of the collector structure to reet A.I.S.C. codes. The 
microprocessor controls and tracking mechnnisns were improved in the areas 
of fail-safe operations, durability, and low parasitic power requiresteats 
(less than 1 los hr per day). 
contract demonstrated performance efficiency of approximately 72% at 
73OoP outlet tempewature. 

Prototype testing required by the project 

This project provided an opportunity for PKI to make significant 
studies including developing formal engineering design studies inClUdiDg 
developing formal engineering design drawing and facrication details, 
establishing subcontracts for fabrication of major components, end 
developing a rigorous quality control system. 
proven to be more cost effective to produce and the extensive manuals 
developed for assembly and operations/maintenance result in faster ield 
assembly and ease of operation. 

The improved design has 

The PRI factory. established in Psrly 1983 at Green Island, New Yort, 
is now capable of producing 100 to 250 collectors per year with expansion 
capacity to over 500 per year. At SO0 units per year, cost per unit is 
expected to be $3S,OOO. 
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Solar dish technology could become cost competitive with conventional 
energy sources. This potential for a multi-billion dollar industry bas 
attracted an international group of innovative dish developers resulting 
in a number of different dish designs for various specified applications 
and temperature goals. 

Solar Steam, Inc. is wholly committed to the research and development 
of a mid-temperature dish system which can compete effectively with 
conventional energy technologies. 

The Solar Steam 30 foot diameter glass dish was prototyped in 1979 and 
concluded our dish geometry development. 

The dish was tested by S E R I  to have a gross concentration ratio of 
about 123 to 1 (adequate for a 750 Farenheit thermal steam system). 
However, the prototype could not be mass produced as is and be cost 
effective without tax subsidies. 

Since 1979, the Solar Steam R&D effort has focused on design analysis 
and on the research being conducted by the national laboratories. 
Federally funded research and development programs supplied information 
and test results on various systems and helped our private research 
efforts. The work done at JPL in materials, concentrators, applications. 
and systems has been invaluable in shaping our first dish. 
was learned at JPL will be used in our second prototype. 

Much of what 

h second glass prototype is currently being detailed which is 00 feet 
in diameter and uses a single post wind abatement support carriage. 
entire system (less counterweights) may weigh less that 6 pounds per 
square foot. 
possible. If the dish can be commercialized cost competitive with 
conventional energy sources then the dish design will be marketed. 
research remains t o  !:e done. 

The 

This dish will be prototyped and tested as soon as 

Much 

Our best wishes to others developing dish concentrators and dish 
applications. And a special thanks to JPL for inviting our participation. 
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SPTKE-2 - A P r a c t i c a l  S t i r l i n g  Engine For 
K i  l o w s t t  1,cwcl Solar  Power 

Wil i iam T. i<enle  
Sunpowc.r, Inc . 

Atlictns, Ohio L E A  

- ABSTRACT 

Recent  advances  i n  t h e  a r t  of f r e e  p i s t o n  S t i r i i n g  e n g i n e  d e s i g n  make 
p o s s i b l e  t h e  p roduc t ion  of  1-IOkR f ree  p i s t o n  S t i r l i n g - l i n e a r  a l t e r n a t o r  
e n g i n e s ,  h e r m e t i c a l l y  s e a l e d ,  e f f i c i e n t ,  d u r a b l e  and s i m p l e  i n  c o n s t r u c t i o n  
and o p e r a t i o n .  ‘i’hese machines  can  o p e r a t e  e i t h e r  a s  i ndependen t  u n i t s  or 
ganged t o g e t h e r  f o r  h i g h e r  power. They may a l s o  o p e r a t e  d i r e c t l y  connec ted  
t o  t h e  g r i d  wi thou t  need of  a n y  in t e rmed ia ry .  

Power o u t p u t  i s  i n  t h e  form of s i n g l e  o r  t h r e e  phase 60 Hz. AC, o r  DC. 
The t h r e e  phase  c a p a b i l i t y  is a v a i l a b l e  from s i n g l e  machines  wi thou t  need 
of e x t e r n a l  c o n d i t i o n i n g .  Engine v o l t a g e  c o n t r o l  r e g a i n s  se t  v o l t a g e  w i t h i n  
5 c y c l e s  i n  r e s p o n s e  t o  any  l o a d  change. 

The e x i s t i n g  SPIKE-2 d e s i g n  has  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  and mea- 
s u r e d  performance.  

Weight: - 38kg 
Length  - 50cm 
Diameter - 25cm 
Power - 1.5kW 
Working Gas - hel ium a t  7 b a r  p r e s s u r e  
Engine-A1 t e r n a t o r  E f f i c i e n c y  - 252 a t  650°C h e a t e r  w a l l  t empera tu re  
L i f e  - over  t h r e e  y e a r s  i n  s o l a r  se rv icc .  
Cost  i n  P roduc t ion  - less than  $1,000 

The same sys tem c a n  be  s c a l e d  ove r  a r ange  of a t  least  100 w a t t s  t o  25kW. 

For  l o n g e r  l i f e ,  non c o n t a c t  b e a r i n g s  may be  used w i t h o u t  adding  to  sys-  
t e m  complex i ty  or f a i l u r e  modes. 

INTRODUCTION 

The v e r y  r a p i d  advdnce i n  t h e  a r t  o f  f r e e  p i s t o n  S t i r l i n g  d e s i g n  h a s  re- 
c e n t l y  made p o s s i b l e  t h e  c o n s t r u c t i o n  of t h e s e  mzchines  a t  low c o s t  w i t h  
a t t r a c t i v e  performance c h a r a c t e r i s t i c s ,  making them s u i t a b l e  as  e lec t r ic  
power g e n e r a t o r s  i n  many a p p l i c a t i o n s ,  e s p e c i a l l y  w i t h  c o n c e n t r a t i n g  s o l a r  
c o l l e c t o r s .  The d i s t i n g u i s h i n g  f e a t u r e s  of t h i s  new g e n e r a t i o n  of S t i r l i n g  
machines  are  low p r e s s u r e ,  u s u a l l y  between 5 and 30 b a r ,  r e l a t i v e l y  s h o r t  
s t r o k e  and l a r g e  p i s t o n  d i a m e t e r ,  and r e l a t i v e l y  h igh  f r equency ,  50 t o  60 Hz. 

The d e s i g n  d e s c r i b e d  h e r e  was in t ended  from t h e  beg inn ing  as  a s imple ,  
low cost  and p r o d u c i b l e  free p i s t c n  S t i r l i n g  of  minimum complexi ty ,  b u t  
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wi th  reasonably good over a l l  thermal e f f i c i e n c y  a t  moderate temperatures.  
The  t a r g e t  was 25% a t  a h e a t e r  head t empera tu re  oE 650C. These design g o a l s  
were m e t ,  and t h e  engine is e n t e r i n g  t h e  preproduction prototype s t a g e  with 
a d e l i v e r e d  e l e c t r i c a l  power output  of 1.5kW maximum. Its l i f e  i s  expected 
t o  be a t  least  t h r e e  years i n  s o l a r  s e r v i c e ,  and probably much longer  

ADVANTAGES OF LOW PRESSURE OVER H I G H  PRESSURE FPSE -- -- - 
The u s e  of low charge p r e s s u r e ,  about one o rde r  of maknitude l o d e r  t han  

t y p i c a l l y  used i n  t h e  p a s t ,  permits  ve ry  l a r g e  c l ea rances  between s l i d i n g  
s u r f a c e s  and consequent ease of f a b r i c a t i o n  of components. Whereas a 70 bar  
30 hz. engine requires c l e a r a n c e s  on t h e  o rde r  of 10 microns t o  avoid ex- 
c e s s i v e  l o s s e s  from g a s  leakage, t h e  7 bar  engine can accep tab ly  use  over  
50 micron gaps without s e r i o u s  penalty.  T h i s  makes i t  much less succept- 

a b l e  t o  damage from f o r e i g n  par t ic les  i n s i d e , t h e  p re s su re  enclosure.  I n  
a d d i t i o n  t h e s e  loose  f i t s  nake repair and rework of bear ing s u r f a c e s  much 
easier. 

With low i n t e r n a l  p r e s s u r e ,  i t  is p o s s i b l e  t o  more r e a d i l y  use p l a s t i c  
and ceramic components. While t h e s e  are  not  used i n  t h e  e x i s t i n g  proto- 
types,  they may be worked i n t o  t h e  product ion v e r s i o n s  w i t h  consequent ad- 
vantages of lower weight and c o s t ,  and higher  e f f i c i e n c y .  

I n  a d d i t i o n  t o  t h e  s t r u c t u r a l  advant,ges, low p res su re  large diameter  
d e s i g n s  enjoy an a d d i t i o n a l  b e n e f i t  from t h e  f a c t  that t h e  working space 
s p r i n g  e f f e c t  is s t r o n g  enough t o  r e s o n a t e  t h e  p i s t o n  and a l t e r n a t o r  a t  t he  
d e s i r e d  frequency, t h u s  obv ia t ing  the  need f o r  an a d d i t i o n a l  sp r ing .  This  
considerably reduces t h e  system complexity and cos t .  

DESCRIPTION - OF E N G I N E  

Figure 1 shows t h e  e x t e r n a l  appearance of t h e  eng ine -a l t e rna to r ,  and 
Figure 2 t h e  i n t e r n a l  arrangement. 
t h e  d i s p l a c e r  and t h e  c o a x i a l  p i s t o n  w i t h  i t s  a t t a c h e d  a l t e r n a t o r  magnets. 
The hea te r  head i s  t n t e r n a l l y  and e x t e r n a l l y  f inned ,  and t h e  i.eat s i n k  i s  a 
l i q u i d  c i r c u l a t e d  around t h e  c o o l e r  s e c t i o n  which c o n t a i n s  a l a r g e  number 
of gas  flow passap,es. A c e n t r a l  rod provides  a m u l t i p l e  s e r v i c e  of a l i g n -  
ment of t h e  moving p a r t s  and bear ing s u r f a c e ,  as w e l l  as t h e  g a s  s p r i n ,  pis-  
ton f o r  t h e  d i s p l a c e r ,  Teflon based s o l i d  l u b r i c a n t s  are used on a l l  moving 
p a r t s .  

There are only two primary moving p a r t s ,  

A more d e t a i l e d  d e s c r i p t i o n  of t h e  engine is g iven  i n  Reference 1. 

ALTERNATOR C HARACT E R I  ST T C S 

The a l t e r n a t o r  is a very simple dev ice  us ing  a l i g h t  moving magnet 
(Samarium Cobal t )  d i r e c t l y  a t t ached  t o  t h e  pisto:,. Its s t r u c t u r e  a l lows  t h e  
use of convent ional  f l a t  t ransformer laminat ions and makes i ts  f a b r i c a t i o n  
no more complex than t h a t  o t  ord ina ry  r o t a t i n g  machines. 
mass ra t io  is approximately 7kg/kw. 

A l t e r n a t o r  power/ 

A t  t h e  c o s t  of nomfnal i n c r e a s e  i n  complexity,  t h e  a l t e r n a t o r  may be de- 
signed t o  produce t h r e e  phase power. 
i s  p r o p r i e t a r y  and cannot be revealed a t  t h i s  t i m e ,  but i t  results i n  power 

The method by which t h i s  is achieved 
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o u t p u t  i n d i s t i n g u i s I i a l > l e  F r o m  t h a t  of conven t iona l  t h r e e  1)hdsc r o t a t i n g  ma- 
c h i n e r  y .  

The a l t e r n a t o r  r e sponds  to load  change r a p i d l y  w i t h  t h e  a i d  of a s i m p l e  
c o n t r o l  system. I t  w i l l  r ecover  set  vol tagc.  i n  3 to  4 c y c l e s  a f t e r  and 802 
l oad  v a r i a t i o n .  Newer c o n t r o l  schemes g i v e  promise of r ecove ry  i n  iwo c y c l e s  
from a 100% load  change. The c o n t r o l  system dc 3s n o t  add s i g n i f i c a n i l y  t o  
t h e  e n g i n e - a l t e r n a t o r  complexi ty  or number of f a i l u r e  modes. I n  t h e  reduced 
load  c o n d i t i o n ,  sys tem e f f i c i e n c y  is reduced o n l y  a modera te  amount. 

OPERATINS CHARACTER1 S'TI CS 

The eng ine  is s t a r t e d  by a small e l e c t r i c  impulse  t o  t h e  a l t e r n a t o r  a f t e r  
t h e  h e a t e r  head has  reached  about  450C. A t  t h i s  t empera tu re  i t s  power is 
o n l y  abou t  300 watts, uhLch r a p i d l y  rLses t o  t h e  s e t  power and v o l t a g e  as  t h e  
h e a t e r  head t empera tu re  rises t o  about  550C. As t e m p e r a t u r e  r ises abovc 
t h i s ,  power rises r a p i d l y ,  but  v o l t a g e  is he ld  c o n s t a n t  by t h e  c o n t r o l l e r ,  o r  
i f  t h e  eng ine  is on t h e  e l e c t r i c  g r i d ,  t h e  u n c o n t r o l l e d  c u r r e n t  i n c r e a s e s  
w h i l e  v o l t a g e  remains  a t  t h e  g r i d  va lue .  

Changes i n  s o l a r  i n p u t  s imply change eng ine  power w i t h  o n l y  r e l a t i v e l y  
small changes  of h e a t e r  head t empera tu re .  Engine e f f i c i e n c y  remains  rela- 
t i v e l y  c o n s t a n t  as  d e l i v e r e d  power v a r i e s  between maximum and . ~ K W .  T h i s  
o p e r a t i o n  d o e s  n o t  r e q u i r e  any change i n  eng ine  p r e s s u r e  and hence needs  a 
minimal  c o n t r o l ,  o r  none excep t  a d i s c o n n e c t  i n  t h e  case of  a g r i d  c o n n e c t i o n  
( F i g u r e  3 ) .  

When t h e  s o l a r  i n p u t  is below t h e  minimum, e n g i n e  v o l t a g e  d r o p s  below t h e  
set ( o r  g r i d )  v a l u e ,  and t h e  e n g i n e  i d l e s ,  p roducing  no power u n t i l  t h e  h e a t  
i n p u t  is once a g a i n  adequa te .  The eng ine  w i l l  r u n  down t o  a v e r y  l o w  h e a t e r  
head v a l u e ,  about  80 d e g r e e s  above coo ' an t  t empera tu re ,  b e f o r e  i t  a c t u a l l y  
s t o p s  o s c i l l a t i n g .  T h i s  is  because  of t h e  ex t r eme ly  low mechanica l  f r i c t i o n  
i n  t h e  f r e e  p i s t o n  machine. 

Opera t ion  is ve ry  q u i e t ,  and c y l i n d e r  o s c i l l a t i o n  i s  v e r y  low i n  ampli-  
tude ,  pbout  l m m  excur s ion .  T h i s  low a m p l i t u d e  v i b r a t i o n  can  e a s i l y  be iso- 
l a t e d  by mounting s p r i n g s .  

The c o o l i n g  sys tem may be  mounted on t h e  eng ine ,  o r  on t h e  ground as pre-  
f e r r e d .  Engine e f f i c i e n c y  i s  of c o u r s e  a f f e c t e d  by c o o l a n t  t empera tu re ,  
which should  be  as l o w  as reasonab ly  a c h i e v a b l e ,  u n l e s s  i t  i s  d e s i r e d  t o  u s e  
t h e  ho t  c o o l a n t  f o r  some o t h e r  purpose.  

SPIKE-2 FOR SOLAR US& --- 

I.. 

A SPIKE-2 s o l a r  sys tem can be expec ted  t o  have a n  o v e r a l l  c o n v e r s i o n  
e f f i c i e n c y  of  about  17% when used  w i t h  a good q u a l i t y  c o n c e n t r c t o r  and ab- 
s o r b e r  and a w e l l  de s igned  h e a t  r e j e c t i o n  system. T h i s  i s  h i g h  enough to  
w a r r a n t  c o n s i d e r a t i o n  f o r  u se  i n  some a p p l i c a t i o n s ,  and is a l s o  a t t r a c t i v e  
f o r  expe r imen ta l  o r  e v a l u a t i o n  purposes .  FGL t h i s  sys tem a d i s h  between 
3.5 and 4 meters would be  r e q u i r e d  t o  produce a n e t  1.5kb1 t o  a load .  

Expected c o s t  o f  t h e  e n g i n e - a l t e r n a t o r  i n  r easonab ly  l a r g e  scale  produc- 
t i o n  is about  $800, b u t  t h e  p r  w n z l y  a v a i l a t l e  p r o t o t y p e  c o s t s  much more. 
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I. Summary 

The So la r  Parabol ic  Dish-St i r l ing Engine E l e c t r i c i t y  gene ra t ing  nodule  
development has been pursued by t h e  Department of Energy wi&h Cavern- 
ment laboratories and i n d u s t r i a l  p a r t i c i p a n t s  s ince FY 1978. The solar 
parabolic d i s h - S t i r l i n g  engine e lectr ic i ty  gene ra t ing  module cons is t s  
of a solar c o l l e c t o r  coupled t o  a S t i r l i ng -eng ine  powered electrical 
generator .  
e l e c t r i c a l  power i n  p a r a l l e l  with numerous i d e n t i c a l  u n i t s  coupled t o  
a n  electrical u t i l i t y  power g r i d .  

The module has been designed to  convert  s o l a r  power t o  

Presen t ly ,  t h e  s o l a r  pa rabo l i c  d i s h - S t i r l i n g  engine e l e c t r i c i t y  gener- 
a t i n g  module e x i s t s  as a commercial p ro to type  e r e c t e d  by t h e  Advanco 
Corporation a t  t h e  Southern C a l i f o r n i a  Edison Company's Santa  Rosa 
Subs ta t ion  loca ted  i n  t h e  c i t v  of  Rancho l i r a g e ,  C a l i f o r n i a .  I f  t h e  
commercial prototype,  named Vanguard, tests prove t h e  equipment t o  be 
e f f e c t i v e  and r e l i a b l e ,  then t h e  p a r t i c i p a n t s  have planned t o  c r n s t r u c t  
a n  e l e c t r i c i t y  gene ra t ing  p l an t .  

I n  o rde r  t o  prepare f o r  t h e  Vanguard module e r e c t i o n ,  Advanco Corpora- 
t i o n  has  worked with t h e i r  subcon t rac to r s  t o  design,  fabricate, assemhle 
and test t h e  many components and subsystems over  t h e  p a s t  year.  The 
S t i r l i n g  engine/generator  c o n s i s t s  of an United S t i r l i n g  ?lode1 4-95 
s o l a r  engine and a Reliance Model XE2P6T induct ion gene ra to r .  The 
power conversion assembly gene ra t e s  up t o  25 k i l o w a t t s  a t  4 F O  v o l t s  
potent  i a1 /3  phase / a l t e rna t  ing c u r r e n t .  The module e l e c t r i c a l  power 
system has been constructed by t h e  Onan Corporation t o  be f u l l y  s e l f -  
c o n t r o l l e d .  

The United Stirl ing/.JPL have t e s t e d  two tes t  bed modules a t  t h e  
Parabol ic  Dish T e s t  S i t e ,  Edwards AFR, C a l i f o r n i a  du r ing  t h e  p a s t  year .  
Improvements i n  t h e  r e l i a b i l i t y  and performance of t h e  USAS Model 4-95 
s o l a r  engine results from knowledge gained i n  t h e s e  tests, as  well as 
from t h e  DOE/NASA sponsored Automotive S t i r l i n g  Engine tests a t  IlSAB 
and MTI, and from t h e  p r i v a t e  l abora to ry  t es t s  a t  CISAB plalmo, Sweden. 
The j o i n t  USAB/JPL s o l a r  tests of t h e  two Model 4-95 engines  provide 
t h e  on ly  actual environment f o r  funct ion,  performance and endurance 
measurements needed t o  improve t h e  hardware and sof tware,  and t o  pro- 
j ec t  t h e  commercial value.  

The t e s t i n g  has  been very s u c c e s s f u l  during t h e  FY 19P7 period.  
r ings  and seals with gas  leakage have not occurred, however, o p e r a t o r  
f a i l u r e s  r e s u l t e d  i n  two burnt  ou t  r e c e i v e r s ,  while  material f a t i g u e  re- 
s u l t e d  i n  a broken p i s t o n  rod between t h e  p i s t o n  rod seal and cap  seal. 

P i s t o n  

: 
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11. Commercial Prototype - Vanguard 

I- 

. /  

The prototype 2O-kUe So la r  Parabolic Dish-St i r l ing Engine System Module 
(Vanguard) i n  Rancho Mirage, C a l i f o r n i a ,  Is t h e  world's  most e f f e c t i v e  
s o l a r - e l e c t r i c  gene ra t ing  s t a t  ion. Design, f a b r i c a t i o n ,  assembly and 
t e s t i n g  of  t h e  p ro to type  Vanguard module r e p r e s e n t s  a coope ra t ive  e f f o r t  
between government and p r i v a t e  indus t ry  t o  c o m e r c i a l i e e  t h e  advanced 
technology developed over  t h e  p a s t  s e v e r a l  y e a r s  by t h e  S o l a r  Thermal 
Power Technology Division, United S t a t e s  Department of Energy. The 
s o l a r - e l e c t r i c  gene ra t ing  s t a t i o n  is l o c a t e d  i n  t h e  no r the rn  Imper i a l  
V a l l e y  on t h e  Southern C a l i f o r n i a  Edison Company's (SCE) Santa  Eosa 
Substat ion.  
c a l  power a t  480 V/3 /60Hz, however, t h e  module is r a t e d  a t  a n e t  
e l e c t r i c a l  power of 20 klle with d i r e c t  i n s o l a t i o n  of P50 w a t t s  pe r  
square meter. 
between supplying t h e  s t a t i o n  p a r a s i t i c  power requirement and power t o  
t h e  u t i l i t y  g r i d .  
operated cont inuously for one year i n  t h e  r b j a v e  d e s e r t ,  t h e  module is 
est imated by t h e  author  to gene ra t e  60,000 me while  convert ing an 
average of 27 percent  of a l l  d i r e c t  i n s o l a t i o n  on t h e  m i r r o r  s u r f a c e s  
t o  n e t  e l e c t r i c a l  energy. The Prototype S o l a r  Pa rabo l i c  D i sh -S t i r l i ng  
Engine System Nodule is a j o i n t  p r o j e c t  of t h e  Department of Energy, 
and t h e  Advanco Corporation. P r i n c i p a l  o rgan iza t ion  working w i t h  
Advanco i n  a d d i t i o n  t o  SCE are United S t i r l i n g ,  Inc., KB. United 
S t i r l i n g  (Sweden) AB and Company, Onan Corporation, Packwell I n t e r -  
na t iona l  - Energy Systems Group, Electrospace Systems Inc., Modern 
Alloys Inc. ,  !Jinsmith, and t h e  Georgia Tech Research I n s t i t u t e .  The 
Jet Propulsion Laboratory assists t h e  Department of Energy i n  its 
Cooperative Agreement p a r t i c i p a t i o n  by providing t e c h n i c a l  c o n s u l t a n t s  
s i n c e  p r i o r  development a t  JPL r e s u l t e d  i n  a tes t  bed S o l a r  Pa rabo l i c  
Dish S t i r l i n g  Engine System Yodule. 

The Vanguard module can gene ra t e  up t o  25 kLJe n e t  electri- 

A l l  of t h e  above module n e t  power w i l l  be  d iv ided  

A s  a n  estimate of t h e  module e f f e c t i v e n e s s  when 

A. P o l l e c t o r  System 

A c o l l e c t o r  system r o n s i s t s  of 32 s o l a r  pa rabo l i c  d i s h  concen- 
t r a t o r s .  Each c o l l e c t o r  is a s o l a r  pa rabo l i c  d i s h  c o n c e n t r a t o r  
with a r e f l e c t i v e  n e t  area of 83 square meters (893 squa re  f e e t )  
c o n s i s t i n g  of  328 back-silvered fus ion  g l a s s  m i r r o r s  cold sagged 
and bonded t o  a s p h e r i c a l l y  ground foam-glass s u b s t r a t e .  These 
5-cm (2-in.) t h i c k ,  (46-cm) (18 in.)  by 61-cm ( 2 4  in . )  mi r ro r  
f a c e t s  have been i n d i v i d u a l l y  mounted on 16 steel  r a c k  assemblies  
Of t en  mi r ro r  f a c e t s  t e s t e d ,  a l l  survived a c c e l e r a t e d  environ- 
mental tes ts  a t  JPL  and SKLA with no t r a c e  of f a i l u r e .  The 1 6  
mi r ro r  rack assemblies  are  mounted on a geared d r i v e  u n i t  f o r  
azimuth and e l e v a t i o n  c o n t r o l .  Ui th t h e  skewed e l e v a t i o n  a x i s  
passing through t h e  c e n t e r  of gimbaled mass, t h e  e l e v a t i o n  d r i v e  
has  demonstrated very small torque requirements.  

The c o l l e c t o r  c o n t r o l  s y s t e m  c o n s i s t s  of i nd iv idua l  microprocessor 
concen t r a to r  c o n t r o l l e r s  and a c e n t r a l  c o n t r o l l e r  f o r  groups of 
up t o  32 concen t r a to r s .  Each concen t r a to r  can be c o n t r o l l e d  
i n d i v i d u a l l y  o r  i n  groups i n  e i t h e r  t h e  manual o r  automatic  modes 
through t h e  c e n t r a l  c o n t r o l l e r  i n  t h e  p l an t  c o n t r o l  room. Alsc,  
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each concent ra tor  can be c o n t r o l l e d  a t  t h e  ind iv idua l  concen- 
trator - o n t r o l l e r .  The concent ra tors  have been designed t o  
o p e r a t e  i n  s teady winds of 1 3  m/sec (30 mi/h) wi th  2 sec g u s t s  
up to 22 m/sec (SO mi/h). I n  t h e  stowed p o s i t i o n ,  t h e  concen- 
t ra tor  has been designed t o  surv ive  40 m/s (90 mi/h) short 
dura t ion  gusts .  Soon a f t e r  t h e  prototype concent ra tor  w a s  
erected, it  withstood up t o  repor ted ly  17 m/s (40 mi/h) g u s t s  
with no n o t i c e a b l e  ill e f f e c t .  

Of those JPL t echnica l  c o n s u l t a n t s  engaged i n  t h e  Cooperative 
Agreement a c t i v i t y ,  a l l  agree  t h e  r e f l e c t i v e  f a c e t s ,  t h e  rack  
assemblies,  t h e  geared d r i v e  u n i t s ,  t h e  remaining s t r u c t u r e  and 
foundat ion, t h e  ind iv idua l  concent ra tor  microprocessor c o n t r o l ,  
and t h e  group microprocessor c o n t r o l l e r  have been e x p e r t l y  de- 
signed, f a b r i c a t e d ,  t e s t e d ,  i n s t a l l e d  and operated by t h e  Advanco 
Corporation with t h e i r  s e v e r a l  subcontractors .  

i). Engine/Generator System 

Each individual  United S t i r l i n g  %del  4-95 Solar  MK II engine 
with Reliance Model XE286 induct ion genera tor  is r a t 9  a t  25 W e  
with a normalized d i r e c t  i n s o l a t i o n  va lue  of 1000 U/?l . A 
group of 32 u n i t s  w d l d  be r a t e d  a t  800 kWe, electrical  power 
less t h e  power required icr p a r a s i t i c  loads. Overa l l  d i r e c t  
i n s o l a t i a n  t o  e l e c t r i c i t y  conversion e f f i c i e n c y  is est imated t o  
be 272 f o r  t h e  solar year. From test r e s u l t s  obtained by t h e  
Jet Propulsion Laboratory with t h e  Ijnired S t i r l i n g  Model 4-95 
Solar  XU I engine with t h e  ASEA induct ion a l t e r n a t o r  tliese 

performance estimites have been e s s e n t i a l l y  v e r i f i e d .  
opera tes  a t  a s o l a r  r e c e i v e r  temperature of 7000C (12900F) with 
a coolant  temperature of 50OC (122OF) with s e v e r a l  grams of 
hydrogen - 3  t h e  working medium. The present  commercial engine 
represr  IS an improvement i n  302 reduced production c o s t  and 
increased r e l i a b i l i t y  by a f a c t o r  of a t  least 2 while  maintaining 
t h e  performance l e v e l  of t h e  p r i o r  test bed engine. Reduced 
production c o s t  and increased r e l i a b i l i t y  has yet  t o  be v e r i f i e d  
by t h e  U.S. Department of Energy. The e l e c t r i c a l  power sysrem 
control  u s e s  a simple r e l i a b l e  design with a l l  commercial 
components. Standard design p r a c t i c e s  have been used t o  s a t i s f y  
e l e c t r i c a l  coJcs and u t i l i t y  requirements. 

The engine 

C. - Group cont ro l  System 

The brou. c o n t r o l  system is one master microprocessor t h a t  con- 
* 01s t h e  p l a n t  from a p l a n t  c o n t r o l  room. The plant /group 
i o n t r o l  is u l t i m a t e l y  f u l l y  automatic with an o p e r a t o r  o v e r r i d e  
opt ion.  For ind iv idua l  sys tem c o n t r o l  t o  augment t h e  group 
i:ontrol, each ind iv idua l  s y s t e m  has its own d i s t r i b u t e d  process  
, - o n t r o l l e r .  I”wo of t h e s e  process c o n t r o l l e r s  are d i g i t a l ,  t h e  
c oncentraLor c o n t r o l l e r  and t h e  engine c o n t r o l l e r ,  while  one is 
hard-wired, t h e  e l e c t r i c a l  power system c o n t r o l l e r .  The process  
c m t r o l l e r s  a r e  located near o r  wi th in  t h e  r e s p e c t i v e  system’s 
:*.trdware i n  t h e  d i s t r i b u t e d  systems. There is s t r o n g  reason for 
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JPL to  be l ieve  group c o n t r o l  system and/or t h e  process  c o n t r o l l e r s  
w i l l  func t ion  properly because t h e  simple and proven components 
and sof tware have been i n t e g r a t e d  i n t o  p r i o r  and proven systems. 

111. Solar  Engine Development 

United S t i r l i n g  funded t h e  cons t ruc t ion  of an  enginelgenerator  w i t h  5 
experimental  solar only r e c e i v e r s  f o r  eva lua t fon  a t  t h e  Parabol ic  Dish 
S i t e  i n  Edwards AFB, Ca l i forn ia .  The test prtgram was j o i n t l y  funded 
by United S t i r l i n g  and t h e  DOE. 
are t o  ga in  p r a c t i c a l  f a b r i c a t i o n  and opera t ing  experience,  and t o  
e s t a b l i s h  t h e  c a p a b i l i t y  of bui lding commercial s o l a r  rece ivers .  
r e s u l t s  of tests performed between .January and March 1982 may be found 
i n  Reference 1. Later r e s u l t s  of tests performed dur ing  t h e  per iod of 
May 1982 through J u l y  1983 are published i n  Reference 2 .  
c u r r e n t  paper descr ib ing  t h e  s o l a r  engine devdopnent  by United S t i r l i n g  
has been published i n  Reference 3. Also, previous proceedings of t h e  
Parabol ic  Dish S o l t r  Thermal Power Program Review .includes e a r l y  
progress  r e p o r t s  of t h e  present  a c t i v i t y .  

The o b j e c t i v e s  of t h e  test program 

Early 

Another 

A. Experimental Solar  Only Receivers 

United S t i r l i n g  has t e s t e d  5 d i f f e r e n t  experimental  s o l a r  on ly  
r e c e i v e r s  (BSORs) on t h e  two engine/generator  u n i t s  a t  Edwards 
A i r  Force Ease. 
w a s  i n  t h e  tube-manifold cons t ruc t ion  of t h e  hea ter .  The d i f -  
f e r e n t  h e a t e r s  were -- 

The p r i n c i p a l  d i f f e r e n c e  between t h e s e  r e c e i v e r s  

- ESOR I, t h e  s tandard combustion s y s t e m  hea ter .  I 
- ESOR TIA, a new designed s o l a r  only r e c e i v e r ,  including a 

nlsnifold. 

< _  - ESOR ITB, a new designed s o l a r  only r e c e i v e r  with only s i n g l e  > 

tubes.  
I 

- ESPt  111, a new designed s o l a r  only r e c e i v e r  with only s i n g l e  
tubes but with increased diameter and s p e c i a l l y  designed 
tubes of "hair  pin" type.  

- ESOR IV, a new optimized r e c e i v e r  f o r  s o l a r  a p p l i c a t i o n  with 
product ion cos t  considered. 

A l l  of t h e s e  r e c e i v e r s  except t h e  l a s t  have operated f o r  many 
hours on t h e  test bed concent ra tors  a t  t h e  Parabol ic  W s h  Test 
S i t e ,  EAFB, C a l i f o r n i a  with no f a i l u r e s  o t h e r  than burnout of 
t h r e e  r e c e i v e r s  due t o  opera tor  mistakes.  Burnout of tubes  was 
r e a d i l y  repa i red  by brazing i n  replacement t u b e s  - u s u a l l y  one 
per quadrant. 

B. Model 4-95 engine and generator  United S t i r l i n g  provided one 
enginelgenerator  e s p e c i a l l y  configured for t h e s e  tests. 
JPL, t h e  Department of Energy provided another  Model 4-95 

Through 
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References 

engine/generator previously purchased f rm United S t i r l i n g  . 
The engine/generator furnished by United S t i r l i n g  operated 
f lawless ly  through about 300 hours of solar testing. 
ment furnished engine/generator twice experienced the breakage 
of a pis ton  rod in  t h e  same cyl inder  due t o  material fa t igue .  
Mal-aligment of cylinder-seal-piston components may have sub- 
j ec t ed  the rod t o  unusual stresses. 

The govern- 

Engine Control System 

United S t i r l i n g  provided two d i g i t a l  e l ec t ron ic  con t ro l  u n i t s  
f o r  t h e  two  test engines. The cont ro l  system provided automatic 
t o t a l l y  remote, unattended operat  ion of t h e  engine/generator 
systems. 
u n i t s  was modified and fu r the r  developed as t h e  tests progressed. 
There were no problems encountered with t h e  engine con t ro l  
systems. 

Software provided with t h e  d i g i t a l  e l ec t ron ic  con t ro l  

Radiator System 

Early tests w e r e  conducted without an engine cooling system 
mounted on t h e  engine. 

Later t h e  government provided engine w a s  equipped wfth a complete 
r ad ia to r  system furnished by United S t i r l i n g .  
four heat exchange matrices b u i l t  up i n  a square form with a 
r a d i a l  fan i n  the  center .  A water pump c i r c u l a t e s  water from t h e  
engine through heat exchanger matrices. 
fan power of 790 \I and water pump power of 200 W provides 
adequate cooling. 
re ru i red  a power of 4000-5000 W t o  operate  a cooling fan and 
water pump. 

The r a d i a t o r  has 

A t  f u l l  engine p o w e r  a 

A comparable ground mounted cooling sys tem 

1. Nelving, H-G, "Performance T e s t  of 4-95 Solar  S t i r l i n g  Engine with Two 
Different Solar  Only Receivers", United S t i r l i n g  AB, Malmo, Sweden, 
September 7 ,  1982. 

2. NelviFg, H-C, "Testing of 4-95 Solar  S t i r l i n g  Engine i n  Concentrator 
a t  Edwards A i r  Force Base During Period May 1982 - Ju ly  1983", United 
S t i r l i n g  AB, Malmo, Sweden, September 7, 1983. 

3. Holgereson, Sten, and Worth H. Percival ,  "The 4-95 Solar  S t i r l i n g -  
Engine - A Progress Report", Proceedings of t h e  Twentieth Automotive 
Technology Development Contractor 's  Coordination Peeting, Societv of 
Automotive Engineers, Inc., April  1983. 

93 

t 
.x 

t 

1 

i 

1 . 
? 

I . ,  t' ' E 

l 

I 

1 
t 

4 

d '0; 



Byron Washon 

Advanco Corporation 
E1 Segundo, CA 

Advanco Corporation and its subcontractors have completed the design, 
manufacture, and assembly o f  the first conaercially designed parabolic 
dish Stirlin$ 2s kWe module. The module will begin testin6 in 
December 1983 and comence power the followin8 month. The project has 
been funded by trro Cooperative &reeareats between Advtmco Corporation end 
the U.S. Department of Energy and Southern Cal'ifornia 8dison Co. 
Discussed during this session were the cost, expected perfoflDQnce, design 
uniquenesses, and future cormaercial potential of this module, which is 
regarded as the most technically advanced in the parabolic dish industry. 
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United Stirling's Solar Engine Development 
- the background for the Vanguard Engine 

Author: Sten Holgersson 
United Stirling AB Sweden 

Abstract 

The Vanguard project engine, named 4-95 Mk 
II Solar Stirling Engine, represents the result 
from four years of solar engine development 
at United Stirling. In these development ac- 
tivities United Stirling has participated in pro- 
grams on contracts from JPL and DOE, the 
latest being the Vanguard project. A major 
part of the development has also been intern- 
ally funded. 

The development started in 1979 based on the 
then existing 4-95 laboratory test engine which 
thru the 4 years has been converted to a solar 
version and significantly improved in several 
areas. The conclusion of the Vanguard project 
results in a new engine generation of a design 
that can be regarded as a preproduction pro- 
totype. 

The major part of the solar engine develop 
ment has been concentrated to the three dif- 
ferent areas, the receiver, the lubrication sys- 
tem and the control system, but improvements 
have been made on most components. The 
new components were first tested on engines 
in United Stirling's laboratoty in Malmd. Five 
such engines are on test within the solar pro- 
ject. Thereafter the function of the compo- 
nents has been validated in actual solar tests. 
These tests started at Georgia Institute of 
Technology in 1981 and have then from the 
beginning of 1982 been performed at JPL's 
test station at Edwards Air Force Base. 

This paper describes the development and 
testing resulting in the Vanguard engine and 
some of the caracteristics of the Stirling 
engine based power conversion unit. 

95 

Introduction 

United Stirling is a company within the indus- 
trial corporation FFV. The company's task is 
to develop the Stirling engine for commercial 
applications. 

The development work has been going on 
since 1969 resulting in engines in different 
sizes of our own designs. The present engine 
family is shown in figure 1. United Stirling is 
now concentrating the efforts on four different 
application projects. One is the Automotive 
Stirling project with the AS€ engine, a second 
one is the Submarine project mainly concen- 
trating on a 4-275 engine, a third is the Auxili- 
ary Power Unit project with the V160 engine 
and the fourth is the Solar project with the 
4-95 Solar engine, the subject for !his presen- 
tation. 

ENGINES 
4-95 40 kW 

4-275 75 kW 

ASE 55 kW 

V-160 12 kW 

Fig 1. United Stirlings engine family 
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Solar development programs 

. ’. 

Although it of course has always been an 
awareness at United Stirling of the possibility 
to use the Stirling engine for solar energy con- 
version our activities in the field were very low 
until 1978. We then became participants in a 
NASA-funded study together with MTI. This 
study identified both the kinematic and the 
free-piston Stirling engine as viable candidates 
for the solar application. The next year, 1979, 
we accepted participation in a JPL-program. 
Our task was to redesign the drive unit to fit 
to and be able to operate in the EAFB test bed 
concentrator and to deliver one drive unit 
while JPL developed the receiver. Partici- 
pation in this program rose our interest in 
receiver design and we decided in 1980 to 
develap a receiver design of our own. This was 
a natural step sioce in the Stirling engine the 
receiver is an integral part of the engine and 
our intention was to be capable to deliver a 
complete Stirling engine for an application in 
which the commercialization of the engine 
could be realized. From 1980 and on our own 
extensive solar engine development program 
has been going on. In addition to that, and as 
one of the significant components of our solar 
engine development we 1982 became mem- 
bers of the Vanguard program which now is 
being realized in hardware in Palm Springs 
through delivery of the concentrator from 
Advanco and the PCU from United Stirling. 
The Stirling engine in the Vanguard project is 
the first engine in the new generation intern- 
ally et United Stirling called the 4-95 Mk II 
Solar SE. This engine is of course a product 
of the Vanguard project, but in reality the re- 
sult of a much broader development program 
at United Stir .ing. This development program 
is the combination of the Vanguard project 
and i ,ternally funded solar engine develop 
ment. A summary of the externally funded 
solar development programs in which we have 
participated is given in figure 2. 

USAB SOLAR ACTlV!TIES 

0 NASA STUDY 1978 - lQ79 
15 KIN SOLAR STIRLING ENGINE 

JPL PROJECT 1979 - 1981 
INSTALLATION OF THE FIRST S O U R  
STIRLING ENGINE WITH HYBRID RECEIVER 
IN A PARABOLIC DISH 

DOE PROJECT 1982 - 
TEAM MEMBER OF THE VANGUARD PROJECT 

Fig 2. Solar programs 

The engine choice for 
solar applications: 4-95 
The development of the Solar Stirling engine 
has during the last 3-4 years been concentrat- 
ed to the 4-95 engine, figure 3. The reasons for 
choosing this engine were several. The engine 
size fits to a concentrator within the size range, 
10-18 m diameter, that seems to be most cost 
effective. The existing JPL test bed concen- 
trator and the 4-95 engine are almost perfect 
in sizes for each other which means that an 
opportunity to performe realistic hardware 
tests existed. The 4-95 engine was one of 
United Stirling’s engines, that had the highest 
amount of accumulated running hours with 
rather good results. Figure 4 shows a sunl- 
mary of the present experience with the 4-95 
engive. 

The 4-95 engine was originally designed as a 
laboratory test engine in 1975. It has since 
then been used as the baseline engine in the 
beginning of the Automotive Stirling Engine 
program and as the first underwater engine 
designed by United Stirling. The further devel- 
oped 4-95 engine is now chosen as the solar 
Stirling engine. 
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4-95 ENGINE STATUS Nov 1983 

0 Number of engines built 27 

0 Running hours 
0 in total 41 000 
0 single engine 11000 

Fig 4. 4-95 Status 

Main areas of redesign 

Although the 4-95 engine in many respects was 
suitable as a solar energy converter there was 
also a need to redesign and further develop the 
ecgine in a number of areas. The engine must 
be able to operate in all different orientations 
from horizontal to upside down when following 
the movement of the coficentrator. In the 
Advanco concentrator with its gimble mecha- 
nism it also rotates around its vertical axis. 
This means that it was necessary to complet- 
ely redesign the lubrication system. The orig- 
inal heater was strictly designed as a heat ex- 

changer for convective heat transfer from com- 
bustion gases. It was therefore necessary to 
develop a new heater suitable as a radiative 
heat exchanger together with a cavity sur- 
rounding it and thus fit the engine with a solar 
receiver. The receiver of a Stirling engin-, in 
contrast to 4her engines, is an integral enpine 
component The control systems of the 4-95 
engine were designed for applications with 
other and more complex control functims 

times than needed for the solar appli, 
This was the case for both the pre 
(power) control system nnd the eleci .. 
control system. Thttrefore new control systems 
ibad to be developed. Also in order to design 
an autonomous power conversion unit to be 
placed up in the focal mount a new radiator 
system had to be developed. 
The major development work has been con- 
centrated to the mentioned four areas, but 
significant changes have also been introduced 
on a large number of the engine components. 
So many improvements have been made th--:t 
the Vanguard engine represents a rlew en- 
gine generation. 

and with stronger requirements on rep ? 

MAIN AREAS OF REDESIGN 
FOR SOLAR APPLICATION 

Heat system (receiver) 

0 Lubrication system 

0 Control .ystems 

0 Radiator systems 

I 

Fig 5. Areas of redesign 
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VANGUARD PROJECT STOP SEQUENCE 

S T W  
tNiAlED 

-1 
POWER 

'2 

TIME 

Fig 12. Stop sequence 

___- 

4-95 Mk II (VANGUARD) i ENGINE OBJECTIVES 

0 Keep Mk I performance level 

Increase reliability 

e Reduce production cost L 
Fig 14. Vanguard engilre objectives 

VANGUARD PROJECT CLOUD PASSAGE 

A WTPUT 
P M M R  

G E N f I U T M I  
CCNE RA IOR 
OU' 

I* 

RPU 

ENGINE nu€ 
STOPPED 

Fig 13. Cloud passage 

The Vanguard project 
United Stirling became member of the Van- 
guard project responsible for design and de- 
livery of the power conversion unit. The con- 
tract was signed in May 1982. Our task in this 
project has included modification of the 4-95 
engine in the earlier mentioned areas to f i t  
togather with the Advanco concentrators. The 
main objectives for the engine for this project 
are shown in fig 14. Laboratory tests have veri- 
fied that the performance goals are met and 
calculations show a reduction of 30% in pro- 
duction costs. Several mcidifications of com- 
ponents aimed at increased reliability have 
been introduced. The results of these modifi- 
cations can only be achieved thru future test- 
ing of the engine. 

The PCU is now delivered io the test site and 
ready for testing. 
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Flux distribution 
The testing has so far been performed with two dif- 
ferent aiigments of the concentrator. The initial align- 
ment strategy used a single focal point. giving heat 
flux to all areas m the cam at nonuniform levels. The 
realignment strategy used was to allow insolation to 
fall only on coded surfaces and to get as uniform dis- 
tribution as possible. This improves overall perform- 

mce for the power conversion unit. The basic im- 
provement is the increase in cavity efficiency when 
l i i t iq  cavity wall temperatures. Figure 5 shows a 
comparison of performance with different flux distri- 
butions (March and JunelJuly) for two receivers as 
wen as for helium and hydrogen as working gases. 

EDWARDS TEST DATA 

RECEIVER TYPE TIME 

ESOR II A March 
ESOR ll B March 

March 
ESOR II A July 

July 
ESOR H B June 

June 

-- 
WORK GAS INSOLATION 

(W/mz) 
EFFICIENCY 

( O/O 1 
He 
Hz 
He 
HZ 
He 
HZ 
He 

91 5 
980 
973 
960 
906 
a90 
922 

19.5 
20.7 
19.5 
24.2 
20.7 
22.4 
20.6 

28.4 
28.2 
26.7 
33.6 

33.2 
30.0 

I 

I_-- 
Fig 5 Performance comparison at different flux distrrl;!rtions 

Receiver performance 
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Three different receiver designs have been teSt6d. 
Also testing st different distances from the focal point 
to vary the heat flux input. has been performed to o p  
timize tha operating conditions for the receiver. 

The different receivers used have conflicting design 
criteria based on concentrator and engine require- 
ments. The concentrator flux distribution calls for a 
wide diameter heater cage to achieve uniform, low 
flux levels on the tubes, but this results in excessive 
tube lenght which reduces engine performance. The 
engine calls for relatively short tube lenght which o p  
timites engine performance. 

The third version of the receiver hasamedium diameter. 
mean tube lenght and a surface nearly covered with 
tubes resulting in optimum receiver performance. 

Varying the location of the receiver n relation to the 
focal point results in varying output if other parameter 
values are equal. The optimum output is, however. not 
the only parameter used in evaluation of optimum l o  
cation. Flux and temperature distribution influencing 
cornponeid l ie should be involved in the evaluation. 

One receiver type has long tubes, wide diameter and 
the surface completely covered with tubes. Another 
receiver has the opposne,short tubes, small diameter, 
clearance between tubes. Both engmes and cavity per- 
formance are involved in overall performance. 
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VANGUARD CONCENTEfATOR 

Terry Hagen 

R84 2 8 2 4 4  

Advanco Corporation 
El Segundo, CA 

Advanco Corporation and the United States Department of Energy ( W E ) ,  
on May 28, 1982, signed a Cooperative Agreement for the design, 
manufacture, and test of a "solar only" parabolic dish-Stirling system 
known as Vanguard 1. 
developed that combines the extensive resaarcb and industrial experience 
of several participants to develop and produce the Vanguard 1, solar 
energy, electric-generating module that will technically and economically 
penetrate the small cornunity market as well as the electrical utility 
market. 
low risk, simple fabrication and assembly, and minimum cost. Due to the 
fully self-contained nature and relatively simple size of each powcrr 
generation module, this solar technology lends itself to rapid 
commercialization. 
If Stirling engine, Jet Propulsion Laboratory's (JPL) developed mirror 
facets which form the reflective surface of the dish, Rockwell/Advanco*s 
low-cost erocentric gimbal m c m t  with the needed structural stiffness to 
assure tracking accuracy; a low-cost pedestal foundation; and an automatic 
un-manned concentrator control system. Re orted in this session was 8 

summary of the results achieved by Advanco on the fabrication and erection 
of the concentrator since the April 83 Detailed Design Review of the 
Vanguard I program. 

As a result of this agreement, a Project effort has 

The design of the Vanguara 1 dish-Stirling engine system features 

The concept combines United Stirling's USAB 4-95 Solar 

. ,c 
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Herbert J. Holbech 

Jet Propuls ion Laboratory 

Pasadena, Ca l  i f o r n i a  

- Abstract  

The Brayton module development e f f o r t  has invo lved the  s o l a r i z a t i o n  o f  
e x i s t i n g  gas turb ines.  A t  one t ime p a r a l l e l  developments were 
contemplated us ing both the  Advanced Gas Turbine (AGT) and t h e  
Subatmospheric Brayton Cycle (SABC) engines. The AGT i s  be ing developed 
f o r  automotive app l i ca t i ons  bv the  G a r r e t t  Turbine Engine Company (GTEC) 
under con t rac t  t o  DOE and NASA w h i l e  t h e  SABC has been developed f o r  a 
gas - f i r ed  heat pimp a p p l i c a t i o n  by the AiReszarch Manufacturing Company 
under con t rac t  t o  t h e  Gas Research I n s t i t u t e  (GRI). Funding l i m i t a t i o n s  
l e d  t o  a s i n g l e  module development con t rac t  w i t h  Sanders Associates. I n  
FY 1982 they  conducted t rade  s tud ies o f  t h e  AGT, t h e  SABC and o the r  
e x i s t i n g  gas turb ines i n  combinatiuon w i t h  var ious concentrators.  The 
Sanders recomnendztion f rom these s tud ies was t o  use t h e  SABC f o r  
near-term module development wh i l e  f o l l o w i n g  the AGT development f o r  
l a t e r  advanced app l i ca t i on .  Fol lowing JPL and DOE approval o f  t h i s  
approach, Sanders completed a p r e l i m i n a r y  design a t  t he  module, and 
developmental subsystems are being completed. 

Background 

Brayton cyc le  (gas t u r h i n e )  engines have been considered f o r  s o l a r  
thermal a p p l i c a t i o n  because of t h e  l a rge  e x i s t i n g  experience base, t h e  
simp1':ity o f  the r o t a t ' n g  assembly, demonstrated long l i f e  o f  gas 
tu rb ines  w i t h  f o i l  bearings, t h e  simple i nco rpo ra t i on  o f  a h y b r i d  
combustor w i t h  m a i r  rece ive r ,  and the p o t e n t i a l  f o r  h igh e f f i c i e n c y  i n  
h igh temperature ceramic engines. 

The AGT i s  being developed f o r  automGtive a p p l i c a t i o c  by GTEC under 
con t rac t  t o  DOE and NASA. In i t s  f i n a l  ceramic con f igu ra t i on ,  i t  w i l l  
have the c a p a b i l i t y  t o  produce more than 50 kW o f  s h a f t  p9wer a t  more 
than 40 percent e f f i c i e n c y  w i t h  t u r b i n e  i n l e t  temperatures up t o  
2500OF. 
w i t h  a ceramic regenerator a t  a t u r b i n e  i n l e t  temperature o f  1600OF. 
This engine i s  undergoing development t e s t i n g  w h i l e  t h e  ceramic p a r t s  are 
being r i g  tested. 

The development i n i t i a l l y  uses s lower e f f i c i e n c y  metal engine 

The SABC engine i s  being develcpod f o r  qas - f i r ed  heat pump a p p ' i c a t i o n  PY 
AiResearch under con t rac t  t o  G R I .  This i s  a smaller, 8 kWe, par t ia1:y  
c losed c y c l e  metal engice, ope ra t i ng  a t  a t u r b i n e  i n l e t  temperature o f  
1600OF w i t h  the pressure through the t u r b i n e  dropping from one ( 1 )  
atmosphere t o  0.4 atmospheres. This  engine has a l l  f o i l  bearings and i s  
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read i l y  amenable t o  the incorpwat ion  o f  a shaf t  mounted permanent magnet 
a1 ternater  (PMA) rep lac ing the  hest pump f reon compressor. 

When reduced DOE funding mandated a s ing le  Brayton module development, 
Sanders Associates, the system Contractor f o r  the  Brayton module 
development, conducted trade studies i n  FY 1982. These studies 
considered the AGT, SABC and other e x i s t i n g  gds turb ines i n  combination 
w i th  several concentrators. The r e s u l t s  o f  these studies were reported 
a t  the Fourth Annual Parabolic Dish Solar Thermal Power Program Review i n  
December, 1982. 

Recomnendations Resul t ing Frm Trade Studies 

The studies indicdted po ten t i a l  f o r  the  AGT i n  i t s  eventual, ceramic, 
high-temperature, h igh-ef f ic iency developnent. However, the ceramic 
engine i s  several years from f ru i t i on ,  and addi t ional  changes such as 
incorporat ion o f  a l l  f o i l  bearings and a shaft-speed PMA w i l l  be needed 
t o  increase the 3500 hours o f  autanative l i f e t i m e  t o  t h e  50,000 hours 
desired f c r  the so lar  program. 

The SABC engine, has a l i f e t i m e  goal o f  50,000 - 100,000 hours f o r  the 
heat pump program, and t h i s  i s  considered a r e a l i s t i c  expectation based 
on engine t e s t  resu l ts  t o  date and f i e l d  experience with s im i la r  f o i l  
bearing uni ts .  
goals even at  r e l a t i v e l y  l o w  production leve ls  of 1000 u n i t s  per year. 
These fac to rs  show po ten t i a l  for  a near term, cost e f f e c t i v e  appl icat ion,  
even though the net ef f ic iency o f  small , metal Brayton engi ne/generators 
i s  l im i ted  t o  25 t o  30 percent. 

Cost studies i nd i ca te  t h a t  t h i s  engine can meet cost  

The studies i d e n t i f i e d  several small concentrators which were a 
reasonable match for  the 8 kWe engine. These included concentrators 
developed by PKI, ESSCO, SKI and LaJet. 
have been u i i i r t a k e n  i n  several studies w i th  various resu l ts .  Sanders 
i d e n t i f i e d  lower u n i t  weight and cost advsntages f o r  small concentrators 
together w i th  the higher production leve l  For a given power leve l .  

Tradeoffs on concentrator s ize  

Modu 1 e Deve 1 opment Program 

The FY 1983 Sanders pre l iminary design i den t i f i ed  the fo l lowing module 
s u b s ys t ems : 

1. AiResearch 5ABC 
a1 ternator.  

2. Sanders a i r  rece 
Receiver (HTSR) . 

Mark 1116) engine w i th  permanent magnet 

ver based on t h e i r  High Temperature Solar 

3. 

4. 

LaJet Energy Company LEC 460 concentrator. 

Sanders system contro ls  using Standard Microprocessor 
components. 

5. Abacus inver te r .  



The module development w i l l  occur i n  two sta3 - 
developmental subsystems have been fabricated 
development test ing. These resul ts  w i l l  be used f o r  design 
modifications wi th the subsystems f o r  the f i n a l  module avai lable a t  the 
end o f  FY 1984. 

In  the f i r s t  stage, 
,d are being prepared f o r  

The SABC Mark I I I A  development engine has reduced power and ef f ic iency 
capabi l i ty  as does the 5 kWe, load ce l l ,  PMA used i n  the development 
unit .  However, t h i s  developmental engine/generator w i l l  allow 
developnent test ing of combined subsystems and provide data f o r  design 
modification and controls software development. Meanwhile an improved 
Mark I I I B  engine with an integral  shaft, f u l l  load PMA i s  being 
assemb 1 ed . 
The LaJet 460 concentrator i s  the f i f t h  version o f  a multi-faceted 
membrane concentrator, p r i va te l y  developed by the LaJet Energy Company. 
Facet tests at JPL together with analyses have indicated the s u i t a b i l i t y  
of  t h i s  concentrator for the presently designed 10 inch receiver 
aperture. The concentrator already comes close t o  meeting cost goals i n  
production quantit ies. 

Future Expect a t  i ons - 

The Sanders Brayton module s i n g  the AiResearch SABC .ngine/generator 
and the LaJet Concentrator appears t o  provide a rea l  i s t S L  riear-term 
Brayton module. 
t h i s  technology i s  expected t o  be ready f o r  ii multi-moddle f i e l d  
experiment or f o r  f i e l d  application. 

Following module ver i f icat ion test iDq i n  ear ly  FY 1985, 

Meanwhile, the AGT automotive program i s  being monitored with the 
ceramic version of  t h i s  engine i s  expected t o  provide an advanced 
Brayton alternative. A solar f e a s i b i l i t y  t e s t  on the reduced 
performance metal SAGT may occur i n  FY 1984 wi th  possible readiness o f  a 
ceramic SAGT module i n  FY 1986. 

.' 
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Near-Term Brayton Module Status 

S.B. Davis 
Sanders Associates, Inc. 
Nashua, New Hampshire 

Y 

Sanders Associates, Inc. was selected as system integrator for this 
program with the responsibility of integrating subsystem components and 
testing a Parabolic Dish Module (PDM) to convert solar energy to grid 
compatible electric power. 

By March 1983 Trade Studies had been completed and the PDM system 
components were selected. 
current and projected performance efficiencies, technology readiness, future 
production probabilities and prices, current cost and availability. 
the PDM program was originally oriented toward an 11-12 meter reflector with 
a 15-20 kw electric output, the trade study conclusion led us to downsize 
the system t o  include a smaller lightweight reflector and to output a rated 
8 kw electric. Potential for this near-term, 8 kw derivative of the PDM is 
adjudged to be superior to that of a 20 kw system. 

System components were selected on a basis of 

Though 

&jor system components are: 1, the AiResearch/GRI Mark 111 
subatmospheric Brayton cycle power conversion assembly; 2, the LaJet L E C 4 6 O  
point focusing concentrator; 3 ,  the Abacus 8 kw DC-AC inverter; 4, the 
Sanders/JPL low pressure, high temperature ceramic matrix receiver; and 5, 
the Sanders 8086 microprocessor based control system. 

The PDM is suited to both grid connected and standslone applications, 
and it may be fired by solar, fossil, or solar/fossil hybrid means. 

Current program plans call for delivery by AiResearch of two engines. 
The early engine will be utilized 411 The Development Test Model (DTM) which 
will be tested in March of 1984 at Sanders, in Merrimack, NH. DTM 
objectives are to complete: 

0 System Integration 
0 

0 

0 Demonstraticn of System Feasibility 

Development of Control Algorithms and system operating logic 
Establishment of System Performance Baselines 

Following the PDM Critical Design Review (CDR) in April 1984, assembly of a 
Final System will commence. 
to Sandia Laboratories, Albuquerque, NM and final system integration is 
scheduled for September 1984. 
quarter of calendar 1984. 

An improved engine will be delivered directly 

Testing will be concluded in the fourth 

4 

113 



4 

Y 

Status 

The Parabolic Dish Module (PDM) Experiment is being conducted by 
Sanders Associates under contract (956039) with Jet Propulsion Laboratories, 
Pasadena, Ca. With the major technology development near completion, the 
contract will be transferred to Sandia National Laboratories, Albuquerque 
(SNLA), New Mexico, in early 1984 for testing and improvement. 
Test Model (DTM) experimcnts, design updating, and performance validation 
tests (PVT) will occur under the aegis of SNLA through calendar 1984. 
Figure 1. 

Development 

See 

The DTM testing in early 1984 is oriented toward completing subsystem 
integration. The control system will be integrated wjth the major system 
components: 1, engine assembly; 2, concentrator controller; 3, inverter; 
and 4, the operator control terminal. 
instrumented to collect baseline periormance data against which the improved 
system will be measured in the fall. 
demonstrated during these tests and will provide the experimental proof of 
concept needed to pursue widespread deployment of the PDM system. 

The DTM will be extensively 

System feasibility will be 

The DTM test results will be used to define control and hardware 
improvements that will be incorporated in the second unit, the PDM, along 
with the already planned improvements: 1, improved engine: 2, simplified 
controller; 3, corrosion resistant heat sink exchanger; 4, optimized 
recuperator ducting; 5, lighter weight receiver; 6, and (tentatively) the 
electric start. 

The validation of system improvements and increased efficiency are 
primary goals of the PVT. 
essential for unattended operation is planned. During extended testing, 
lifetime and reliability data will be collected to identify improvements 
necessary for large scale deployment of this new alternate energy source. 

Additionally, the testing of automatic algorithms 

The currerlt PDM system is comprised of advanced components which will 
provide economic conversion of sunlight to grid compatible AC power with the 
high reliability and low maintenance costs characteristic of Brayton (jet) 
power plants. The engine is a subatmospheric Brayton cycle engine recently 
developed by AiResearch Manufacturing Company of California for the Gas 
Research Institute to drive natural gas fired heatinglair conditioning heat 
pumps. The engine employs air bearings to achieve life expectancies beyond 
30,000 hours and advanced versions will operate in the 8 - 10 kilowatt 
range. While the engine is currently developmental, it has successfully 
operated several hundred hours and has no major technical uncertainties. 
The MOD IIIA engine that will be used in the DTM test sequence uses a vacuum 
air start system. 
alternator integral to the compressor turbine shaft. 
be capable of automatic electric starting. 

The more advanced MOD IIIB engine uses a shaft-mounted 
This ILIB engine will 

The ceramic matrix receiver designed and built by Sanders is an 
inherently long-life component. 
already high efficiency and to reduce cost to production level goals. 

Developmental work continues to improve its 
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The lightweight concentrator i s  equivalent to a 7.4 meter diameter dish 
and employs 24 closely packed quasi-spherical circular facets to reflect the 
solar energy through an 8 inch (diameter) aperture into the receiver. The 
dish has been built in moderate quantities (700+) and meets design to cost 
(DTC) goals. 

The PDM uses an integrally mounted shaft-speed 8 kw permanent-magnet 
alternator with torque characteristics that allow it to double as a starting 
motor. The DTM 5 kw alternator from which the 8 kw version is  derived has 
performed reliably during engine testing. 

The inverter uses microchips to digitally synthesize the grid-locked 
output AC from the rectified alternator output. 
signals from the system controller to vary inverter input power requirements 
and thereby control engine loading. 

The inverter logic allows 

The PDM control system operates as an executive processor to command 
the subsystem on-bard controllers (concentrator, inverter, and start 
sequencer.) 
communjcate to the operator vis a video terminal and will offer a high 
degree of flexibility to facilitate the developmental testing. Production 
controllers will be programmed to a more restricted cormnand menu and will 
consolidate functions to reduce system cost. 

The controller that was develope? for the DTM test will 

The DTM receiver is shown in cutaway Figure 2. It is  conceptually 
similar to the follow-on receiver that will be used with the PDM. Preheated 
air enters through a central inlet duct and flows through the radiation 
cavity to the segmented honeycomb silicon carbide panels. 
panels ars heated to approximately 1850’F by the concentrated sunlight that 
enters the receiver through the fused quartz window. 
preheated air flows through the honeycomb, it is further heated to 1600°F. 
The hot air is then -0llected in the tapered plenum and delivered to the 
outlet duct via a stainless steel particulate filter. 

The honevcomb 

As the 1200°F 

The front of the receiver is protected by a passive graphite shield 
assembly that is  inexpensive and requires no parasitic power. 

Two DTM receivers have been assembled; one is being used for 
development tests -- the other has been delivered t o  AiResearch for 
integration into the power cmversion assembly (PCA). 

Packaging and aperturelcavity modifications will be incorporated into 
the PDM receiver to reduce its weight and improve its thermal performance. 

The solar concentrator for the PDM system is an LEC-460, supplied by 

The concentrator 

The structure 

Lajet Energy Company of Abilene Texas. 
13001, heavier than the design load for the concentrator. 
was, therefore, analyzed to determine the modifications that would be 
required to sustain the heavier PCA and expected snow loads. 
proved to be generally adequate and only limited modifications were required 

In this application the PCA i s ,  at 
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to meet the desired safety margins with the heavier loading. 
modifications have been incorporated and the concentrator is currently being 
assembled and installed at Sanders' Merrimack, NH facility. Installation 
will be complete by mid-January and characterization will occur daring the 
ensuing four weeks before DTM testing. 

The 

The control system is organized as  an executive processor (EP) to 
expedite the DTM testing and follow-on PVI' at Albuquerque. 
and programing the EP to use the existing on-board controllers in the 
inverter, start sequencer, and concentrator, duplication of effort was 
avoided. This approach reduces contract cost by allowing us to hold to a 
compressed schedule and complete testing in 1984.  Eventually, however, the 
control system functions will be reallocated to reduce hardware costs and 
achieve DTC targets. According to Figure 3, the EP: 

By configuring 

1 ,  communicates with the operator via CRT or hand-held terminal; 

2, commands and monitors the inverter and concentrator; 

3,  commands the fuel valve and start sequencer: 

4 ,  monitors the engine, satety circuits, and weather; and 

5 ,  relays data to the recorder f o r  subsequent analysis. 

Corclusion 

Over'the coxrse of thi,. contract, the system has evolved from concept 
to hardware that will be practical 12 the near term, figure 4. The smaller 
8 kw system that has been developed will provide the market base t o  support 
the development of larger systems as more advanced components become 
available. 

i3y our commitment to the aggressive schedule of Figure 5 ,  we will 
advance toward the generatiov of substantial quantities of truly renewable 
energy and take a crucial step toward the DOE goal of reducing America's 
energy vulnerability by the year 2000. 
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INSTALLING 8,000 CW BY 12/85 

1,OOO units on I6m by 6/86 

2,500 units built by 12/86 

5,000 units per year in '87 = 

Figure 5. Development Schedule Objective 
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Richard L. Johnson 
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AiResearch Manufacturing Company 

Torrance, Cal i f o r n i a  

SUMMARY 

[h is  progran . '.o develop a solar-energy-powered e l e c t r i c a l  generator 
u t i i i 2 i r . g  an engine developed f o r  the Gas Research I n s t i t u t e  ! : G R I ) .  
generator cons is ts  of a subatmospheric, Brayton-cycle engine and a pernianent- 
magnet (PM) a l t e r n a t o r .  
d r i ven  d i r e c t l y  by the Brayton-cycle engine r o t a t i n g  group. Unique features 
tha t  enhance r e l i a b i l i t y  and F. -formance include a i r  f o i l  bearings on both 
the Brayton-cycle engine r o t a t i n g  group and the PM a l t e r n a t o r ,  an acinos- 
pheric-pressure s o l a r  receiver  and gas- f i red t r i m  heater,  and a 5igh- 
temperature recuperator. The subatmospheric Brayton-cycle engin, design i s  
based on t h a t  of the G R I  gas- f i red heat pump engine. 

The 

The e l e c t r i c a l  power i s  generated by an a l t e r n a t o r  

Two generators w i l l  be SuDplied i n  the program: the f i r s t ,  a f e a s i b i l i t y  
demonstration u n i t  using e x i s t i n g  G R I  boardware, w i l l  produce an e l e c t r i c a l  
power output of 5 kW; the second, an upgraded engine and PM a l t e r n a t o r ,  
w i ! l  produce 8 kW. 

I NTRODUCT I ON 
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ENGINE DESCRIPTION 
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ORIGINAL PAGE Is 
OF POOR QUALlfY 

The Brayton cyc le  engine shown schematical ly i n  Figure 2 i s  a semi-open 
subatmospheric pressure cyc le  cons is t ing  o f  a c e n t r i f u g a l  compressor, a 

atmospheric combustor. Ambient a i r  i s  drawn through the  recuperator, 
where i t  i s  preheated before being introduced i n t o  the s o l a r  receiver.  The 
heated a i r  i s  then passed through the atmospheric-pressure, gas- f i red 
combustor i n  a mix tu re  t h a t  i s  s l i g h t l y  above s to ich imet r ic .  Compressor 
discharge gas i s  a l s o  cyc led througb the recupzrator and i s  used as a 
d i l u e n t  t o  prov ide added f l o w  and the des i red t u r b i n e  i n l e t  temperature. 
Expansicjn takes place through the t u r b i n e  component, from which s u f f i c i e n t  
power i s  ext racted t o  d r i v e  both the Brayton compressor and PM a l t e r n a t o r .  
The t u r b i n e  discharge gas, which i s  a t  subatmospheric pressure i s  processed 
throagh the r e c w e r a t o r ,  where i s  preheats combustor i n l e t  a i r .  The 
temperature o f  the low-pressure gas i s  reduced f u r t h e r  by us ing the s i n k  
heat exchanger t o  reduce compressor power consumpt ion. 
the gas back t o  atmospheric and a small  portio:! i s  exhausted; remainder i s  
recycled as d i l u e n t .  

? r a d i a l  i n f l o w  tu rb ine ,  a recuperator,  a s i n k  heat exchanger, and an i n l i n e  

L. 

The compressor pumps 

EXHAUST 

RECUPERATOR 

MAGNETIC 
COUPLING 

aKW -3. 
ALTERNATOR 

c 

AIR INLET 

I 
GAS SHUTOFF VALVE 

% - <- -+=+ 
;I 

6 GAS INLET 

GAS MODULATING VALVE 
SIN* HEAT ,, -*\I-' 
EXCHANGER ~ '-CONOENSATE 

DRAIN .M 

Figure 2. S i m p l i f i e d  Schematic o f  the 
Feas i b i  1 i t y  Dernonstrat ion Un i t  

SYSTEM PERFORMANCE PRED I CT IONS 

Figure 3 presents the predic ted engine performance c h a r a c t e r i s t i c s  f o r  
a 55OF ambient day cyc le  e f f i c i e n c y  and output sha f t  power are p l o t t e d  
as funct ions of speed f o r  vary ing  t u r b i n e  i n l e t  temperatures. A t  the 
design p o i n t  o f  75,000 RPM and tu rb ine  i n l e t  temperature o f  lbOC°F the 
predic ted c y c l e  e f f i c i e n c y  i s  25'. 
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Figure 6. Prel iminary Des ign o f  Turbogenerator 

The a l ternate design approach i s  t o  have a stand alone PM a l te rna tor  t ha t  
i s  dr iven by a magnetic coupling. This design w i l l  requi re  a larger  PM 
ro to r  and s ta to r  plus the add i t ion  o f  a journal  bearing and thrust  bear ng. 
The combined u n i t  w i l l  share bearings w i t h  the turbocompressor. 

The f i n a l  design w i l l  be selected by mid December and d e t a i l  design w i l  
proceed. System design i s  scheduled t o  be complete by March and system 
de l i very  i n  September 1984. 
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LEC SYSTEM DEVELOPMENT 

David D. Halbert 

LaJet Energy Company 

Abilene , Texas 
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LaJet Energy Company ("LEC") entered the solar energy business in early 
1978 funded by its then parent company, LaJet, Inc. The first goal of LEC 
was to identify a viable solar product that had long-term commercial 
application. 
fined the necessary conditions for developing 3 ccst-effective solar pro- 
duct. With its goal defined, LaJet, Inc. funded a research and development 
program to create such a product. The result is the LEC System. The latest 
model of the LEC System is designated the LEC 460. 

After making an econamic analvsis of solar energy, LEC de- 

Description of the LEC System 

The LEC 460 is 3 parabolic "dish" which incorporates a microh;ocessor to 
automatically point it toward the sun from sunrise to sunset. The "dish" 
is composed of a set 3f mirrors (made of reflective polymeric film) which 
focus and concentrate the sun's energy on a receiver, producing intense 
but controlled amounts of heat. The LEC 460 employs a design concept that 
permits the use of common and l~w-cost materials. All major structural 
components are fabricated from low-carbon, low-alloy steel using methods 
adaptable to mass production. The mirrors are SUPpOi -d on a steel tubing 
frame. This frame is attached near its center of gravit) to a cantilevered 
suppcrt structure. The mirrors and frame are counterbalanced by the weight 
of the receiver, thus reducing the energy needed to move the collector 
(parasitic load) and allowing movement on two axes. 

The Reflective Array. Each LEC 460 solar concentrator contains a reflec- 
tive array consisting of twenty-four 60-inch diameter mirrors. The total 
reflective surface of eclch LEC 460 is approximately 460 square feet. Each 
mirror surface consists of weatherized disposable reflective polymeric film 
that is drawn to an approximate parabolic shape on a permanently fixed 
aluminum frarne by a continuously applied vacuum (supplied by a small vacuum 
pump). The depth of the parabolic shape is controlled by an adjustable 
focusing valve mounted behind the film's surface at the center of the mir- 
ror's interior. The solar concentrator flux intensity at the LEC 469's 
focal point car. be varied by adjusting the position of each mirror or by 
altering the adjustable focal length of the individual mirrors. 

The Space Truss Structure and Space Frame. The space truss structure and 
space frame are designed to support the mirrors and to track the sun from 
sunrise to sunset. Designed by LEC to overcome the primary obstacles and 
problems LEC believes are encountered in the design of other solar collec- 
torsw they have low-costw light-weight components and small, low-powered 
motors to track the sun. 
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The primary ccmponents of t h e  space t r u s s  s t r u c t u r e  and space frame &re 
low-cost, low-carbon steel angle  and tubing.  When assembled, t h e  space 
frame is a l ightweight ,  r i g i d ,  parabolic-shaped s t ruc ture .  The space frame 
is mounted on t h e  c a n t i l e v e r e d  space t r u s s  s t r u c t u r e ,  very near  i t s  c e n t e r  
of g r a v i t y ,  t h u s  minimizing t h e  need f o r  counter-weighting. Because of 
t h i s  design and the  low weight,  t h e  e n t i r e  space frame can be d r iven  by 
a small 1/8 hp motor, t hus  minimizing t h e  power t h a t  must be used t o  oper- 
ate t h e  system. The space t r u s s  s t r u c t u r e  i s  a f f i x e d  t o  a conc re t e  faun- 
dat ion.  

The Con t ro l l e r .  Each LEC 460 i s  equipped with i t s  own microcomputer-based 
c o n t r o l l e r  s p e c i a l l y  designed t o  ope ra t e  with t h e  LEC 460. T h i s  c o n t r o l l e r  
determines t h e  system s t a r t - u p  and shutdown procedures inc lud ing  c o n t r o l l i n g  
a u x i l i a r y  motors,  va lves ,  and o t h e r  support  dev ices ,  and determines t h e  
t i m e  of day to  perform start-up and shutdown func t ions .  The c o n t r o l l e r  
a l s o  t r a c k s  t h e  sun and au tomat i ca l ly  a d j u s t s  fo r  any e r r o r s  i n  p o s i t i o n i n g  
o r  placement t o  ensure optimum performance. The c o n t r o l l e r  p rov ides  f o r  
emergercy shutdown of t h e  concen t r a to r  i n  c a s e  of high wind, f l u i d  flow 
l o s s e s ,  excessive f l u i d  ope ra t ing  temperatures  or o t h e r  p o t e n t i a l  ope ra t ing  
problems. 

The LEC System f e a t u r e s  advanced engineer ing focused on r e l i a b i l i t y ,  pe r fo r -  
mance, and low c o s t  t o  produce a s o p h i s t i c a t e d  y e t  r e l a t i v e l y  simple product.  

Development of the LEC System 

The development and t e s t i n g  of t h e  LEC System h a s  spanned t h r e e  yea r s .  
Six models of t h e  concen t r a to r  w e r e  designed, b u i l t  and t e s t e d  during t h i s  
per iod : 

Mode 1 R e f l e c t i v e  Surface 
(square f e e t )  

M - 1  . . . . . . . . . . . . . . . . . . . .  85 
M - 2 . .  . . . . . . . . . . . . . . . . . .  190 
LEC-200 EM-1 . . . . . . . . . . . . . . .  210 
LEC-300 EM-1 . . . . . . . . . . . . . . .  330 
LEC-400 EM-1 . . . . . . . . . . . . . . .  410 
LEC-460 EM-1 . . . . . . . . . . . . . .  460 

Y 

The LEC 460 inco rpora t e s  a number of  ref inements  and improvements developed 
through t h e  t e s t i n g  and ope ra t ion  of t h e  previous models, including a re- 
f l e c t i v e  su r face  over 5 times l a r g e r  than t h e  o r i g i n a l  mcdel, a s u b s t a n t i a l l y  
s t ronge r  :pace t r u s s  S t r u c t u r e  and space frame, improved mi r ro r  design 
pe rmi t t i ng  g r e a t e r  e f f i c i e n c i e s  and d u r a b i l i t y  and a microprocessor c o n t r o l  
system t h a t  governs almost a l l  a s p e c t s  of concen t r a to r  ope ra t ion .  

Patents 

The LEC System is a unique and innovat ive technology. T o  protecL t h e  unique- 
ness and p r o p r i e t a r y  na tu re  of t h i s  ti inology,  LEC has  received 8omestic 
and fo re ign  p a t e n t s  on t h e  o v e r a l l  conceptual design d f  t h e  LEC System. 
Other subassembly patents have been received o r  have been f i l e d  f o r  and 
a r e  pending. 
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PANEL DISCUSSION ON 
"BUSINESS VIEWS OF S O W  ELECTRIC GENBRATIOI" 

John Stolpe 

Southern California Edison Company 
Rosemead. CA 91770 

Solar power generation systems, inciuding parabolic dishes, are 
beginning to make headday as income producing business ventures for 
supplying meaningful amounts of electric power to the utility grid. 
doing so, solar developers are making a difficult transition from the 
emotionally-based justification for solar Bb9 **to solve the world energy 
situation" and are now beginning to face the realities of having to 
justify solar commercialization based on all the tried and proven rules of 
economics and free enterprise. 

In 

+- 

For any given solar power technology which has successfully progressed 
through all the research, development and demonstration steps to prove its 
technical value to a utility grid, the technology eventually becomss faced 
with an entirely different set of formidable business questions from the 
financial comnunity. 
financial feasibility of a possible commercial project, and guaranteeinK 
that both lenders and investors will recei--3 .rrir required financial 
repayment. Because of the multi-millior 1 I 1  P magnitude of typical 
proposed solar power projects, solar commercialization is truly entering 
the domain of "big business". The extent to which any solar power 
technology will succeed in the open marketplace will be determined by its 
ability to compete with other energy technologies as well as the degree of 
financial creativity employed by the organizations which undertake to 
design, construct, and operate firture solar plants. 

Such questions are directed toward establishing the 

A panel of recognzed t>.rperts in the field of solar has been organized 
to convey dio,us gf the continuum of solar business-interests--from the 
manufacture? to t h e  and-user and the all-important area of finance. Each 
panelist w i l l  cc'fcr ahservations based on his partiacular experience in 
the overaii 8rb)  of wi:ar and alternate energy systems. These views will 
be of direct wacLical value to developers of solar dish hardware. 
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ABSTRACT OF REMARKS FOR THE PANEL DISCUSSION 
BUSINESS VIEUS OF SOLAR ELECTRIC GENERATION 

DECEMBER 7, 1983 

EDWARD H. BLUM 
MERRILL LYNCH CAPITAL MARKETS 

o I n  1982-3, M L  has r a l s e d  o v e r  $200 M M  f o r  r e n e w a b l e  e n e r g y  
p roJec ts  t o t a l l l n g  r o u g h l y  $250 MM. The a rea  1s a t t r a c t l v e .  

o Keys t o  f l n a n c l n g  are:  
-Technological q u a l i t y  8 guarantees  
-S t reng ths  o f  t h e  o r g a n l z a t l o n s  r e s p o n s f b l e  f o r  t h e  p r o j e c t  
-Attractive economlcs, based on r e l i a b l e  numbers 

o Technology 
- I n v e s t o r s '  p e r c e p t l o n  i s  t h a t  s o l a r  Is d e s l r a b l e  and 

a t t r a c t i v e ,  b u t  n o t  y e t  r e l l a b l e  o r  economlc. 
-Key concern i s  t e c h n o l o g l c a l  r e 1  lab1 I l t y  and performance. 
-Technological p r o b l e m s  h a v e  o c c u r r e d  and been w i d e l y  

r e p o r t e d .  I n v e s t o r s  want  e v i d e n c e  a n d / o r  a s s u r a n c e  
t h a t  t h e y  w l l l  n o t  exper ience  problems and/or losses. - 

-Slnce exper lence  w l t h  a1 I s o l a r  t e c h n o l o g l e s  1s necessa r l  l y  
I I m l t e d ,  l n v a s t o r s  want  t o  see s t r o n g  p e r f o r m a n c e  
g u a r a n t e e s  and f l n a n c l a l  s t r e n g t h  s u p p o r t l n g  t h o s e  
guarantees.  

-Tlme u n t i  I maJor f a 1  l u r e s  and o v e r a l  I equlpment I l f e t l m e s  
remaln open quest lons.  

o O r g a n l z a t l o n a l  S t r e n g t h  
- F a 1  l u r e s  o f  s : .~a l  I e n e r g y  companles,  and weak f l n a n c i a l  

c o n d i t i o n s  o f  some s o l a r / w l n d  s u p p l l e r s ,  s t l m u l a t e  a 
p r e f e r e n c e  f o r  p r o v e n  f l n a n c l a l  a n d  management  
s t r e n g t h .  

-Sma l le r  f l r m s  may need suppor t /guarantees  f rom f l n a n c l a l l y  
s t r o n g  companles. 

-S t reng th  needed n o t  on I y t o  suppor t  techno logy ,  b u t  a1 so t o  
s a t i s f y  concerns under s e c u r i t i e s  and t a x  laws, and f o r  
marke t i ng  t o  l n d l v l d u a l s  and t o  l n s t l t u t i o n s .  

o Economlcs 
-Need a t t r a c t l v e ,  c o m p e t i t l v e  r a t e  o f  r e t u r n  -- h i g h e r  f o r  

t e c h n o l o g l e s  pe rce i ved  as r l s k l e r  or newer. 
- F l n a n c l n g  s t r u c t u r e s  needed t o  o b t a l n  t h e s e  r e t u r n s  f o r  

r e l s t l v e l y  e x p e n s i v e  t e c h n o l o g l e s  a r e  s e n s l t i v e  t o  
d e t a l  Is o f  t a x  law t h a t  may change. D e a l s  work now, 
b u t  may n e e d  new s t r u c t u r e s  I n  1 9 8 4  o r  1 9 8 5 .  

- A  few w lnd  d e a l s  work w l t h o u t  s t a t e  t a x  c r e d i t s ,  b u t  e v e n  
t h e s e  s t l l l  need t h e  F e d e r a l  ETC. A l l  s o l a r  d e a l s  
s t l l l  need b o t h  t h e  ETC and s t a t e  c r e d l t s .  

- I f  t h e  ETC Is n o t  extended, c o s t s  must decrease p a p l d l y  t o  
o b t e l n  f i n a n c i n g  a f t e r  1985. 
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BUSINESS VIEWS OF SOLAR 
ELECTRIC GENERATION 

ROBERT DANZIGER 

SUNLAW ENERGY COW. 

The speech focuses on two primary themes: 
risk. 
ment developing technologies will encounter. 
from the perspective of capital markets. 

competition and technical 
Competition is discussed to illustrate the likely business environ- 

Technical risk is analyzed 

Inter-fuel competition is highlighted because the economics of private 
power production hinges upon the power purchasers' alternate cost of 
energy. For example, oil and gas-fired cogeneration competes with, and 
will largely displace, utility base and intermediate load oil and gas 
units. Closed-cycle systems such as coal, coke, biomass or waste-fired 
fluidized bed systems will compete with the remaining displaceable utility 
oil and gas units. Therefore, technologies not proven until the 1990's 
will be competing with the utility's only other displaceable fuel: coal. 

Inter-technology competition is just now heating up. For example, solar 
ponds, point-focusing dishes, solar central receivers, photovoltaics, 
and all other peak-coincident systems are in direct competition to supply 
Southern California Edison's summer peak requirements. 
be remembered that peak periods are only 16% of the year. As with 
virtually all plant and equipment, powerplants must generally operate 
4091 to 80% of the year to be profitable. Thus, even peak-shaving 
technologies must be able to hold their own against the better utility 
units in order to make money during these economically vital mid and 
off-peak hours. 

However, it must 

Although incorisistent with generally-accepted views of technology dec-elop- 
ment, it is true that large institutional and corporate funds will not 
be available until a technology has at least 10 years of good operating 
experience. Until then capital will come from small, non-brokered limited 
partnerships. 
a vendor or engineering firm take all technical risk including: useful 
life, consequential damages, performance, and availability. In addition, 
the guarantor should expect to undertake risks that are tech.iicall,y 
impossible but financially conceivable. For example, one lender 
required insurance against a steam turbine rotor twisting twice in 3 
years where there had been no such event in 40 yeais of operatinn. 
the sNne project the lender wanted an option rc truck steam and an 
engineering report that a gas turbinc couLd not he used as an apartmcnt. 

The only proven way to circumvent this problem is to have 
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HcDONNELL WUGWS ROLE IN SOLAR THERMAL SYSTEMS 

Richard J. Faller 

UcDonnell Douglas Astronautics Co. 
Huntington Beach, CA 92647 

CENTRAL RECBIVER SYSTEMS 

o 12 years of developing designs and applications €or solar central 
receivers. 

- Seven electric ukility and industrial process heat repowering 
conceptual designs. 

- Advanced conceptual design for electric utility repowering. 

- Total system designs for industrial applications. 

- Proposals for desalination, off-grid electric designs. 

o Played major role in techriical development of solar central 
receivers - The Solar One Pilot Plant. 

- Solar One plant design. 

- Integrated microprocessor control system design and hardware. 

- Successful operation to date: 

o Demonstrated 10 W e  net power from receiver 10/82 

o Demonstrated 7 W e  net power from storage 2/83 

o Demonstrated 12.1 W e  net power 6/83 

o Playing major role in commercialization of solar central 
receivers. 

- Joint conceptual design with Edison and Becbtel. 

- Pinancial/legal development of the demonstration project - 
Solar 100 

c 
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o Played lead role in heliostat development. 

- Five generations of design development. 

- Commercial design. 

o System and heliostat experience springboard for business 
expans ion. 

BUSINESS EXPANSI’ON 

o HDC cbbjcctlves to introduce commercial products as economics 
permit . 

o Evaluated several solar energy concept options. 

o Dish electric. 

- Joint MDCIUnited Stirling study during past year. 

- Evaluated sales potential, design concepts, product costs, 
operations and maintenance costs, pricing strategies and 
business econcmics. 

- Ceveloped agreement for cooperative endeavor between MDC and 
United Stirling and abtuined approval. 

- Started development progim. 

- Test program to start ;n the fall of 1984. 

- ComaercializRticn start targeted for 1986-1988. 



Business Views of Solar Electric Gcneration 

I- -:> 

Summary of Remarks 
i. Lynn Rasband 

Utah Power & Light Company 

Between 1975 and 1980, Utah Power 6 Light Company experienced a 
load growth rate of approximately 8% per year. During the 1970's, which 
was a rapid growth era, UPLL placed 4GO-megawatt, coal-fired generating 
units on-line in 1974, 1977, 1978, 1980, and 1983. 

Recently with reduced economic growth within UP&L's service 
territory, the load growth has dramatically dropped. We negotiated with 
all participants in the Intermwntain Power Sroject to half its capacity 
and ~ l s o  reduced our participation share from 25% of 3,009 megawatts 
(750 megawatts) to 4% of 1,500 megawatts (60 megawatts). We also 
rescheduled Hunter No. 4, a 400-megawatt, coal-fired unit, to be 
operational in 1991 instead of 1385. The annual load growth for the 
next five years (1983-1988) is expected to be approximately 3.5%. 

Although UPCL's margir is above that which would allow for 
additional capacity additions at the present time, by 1986 small 
generating units such as parabolic dish solar thermal power units could 
be justified and would be scheduled to come on-line so that the UP&L 
system capacity margin or reserve would be held at approximately 20%. 
Such small generating units would have to produce power competitive with 
our avoided test rates which are presently being considered by the Utah 
State Public Service Commission. In the past, these rates have been 
belcJ 3 cents per kilowatt hour. 



"PGandE V i e w  o f  Solar E',ecLric Generation 0eve;opment" 

C. J. Weinberg 

Pacific Gas & Electric 

Solar Energy i s  facing its toughest challenges to date: 
O Lw projected u t i l i t y  avoided costs due t o  reduced oil  orices 

and increased availability of natural gas; 
Lw projected rates of u t i l i t y  load growth due to effective 
conservation programs and higher energy costs; 

O Expi ra t ion  of the federal solar tax credits i n  1985; 
O A diff icul t  road ahesd i'l the 1984 congress for  legislation to 

extend the t a x  credits; 
Withdrawal of DOE sapport  for bridging solar developncnt costs. 

The new National Energy Plan  states that we must  have a balanced mix  
of energy sources. What can we do to  support t h e  continued development of 
the solar option? We nus: continue to push s ta te  and federal legislation 
to extend solar tax credits. T I t  federal government needs to reevaluate 
DOE'S role and re. -tab1 ish support of solar development costs. Continued 
development is required t o  reduce the cost of installation and operation 
of solar systems, they involve h igh  capital costs since they "buy the fuel 
up front". 

We must also f i n d  a d d i t i o n a l  sources of funds to  close the 
development cost gap. Public Uti l i ty  Commission's m u s t  recognize t h a t  the 
cost of closing the economic gap on solar RbD demonstrations must be 
shared by the residents served. We need to  introduce a rea l i s t ic  
development program for the future. Much of solar energy was over sold i n  
the 70's. 

partnership of u t i l i t i e s ,  government agencies, manufacti ?rs, recylators, 
flnanclers and the public to  conti.* the development and growth of solar 
energy. 

O 

The road ahead is not going to  be easy. It 's going to  take a real 
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DISTRIRUTgD SYSTEMS OPERATING BXPERIglOCBS 

James A. Leonard 

Sandia lational Laboratories 
Albuquerque. NU 87185 

Over the past several years, valuable operating experience bas been 
obtained with several distributed systems. The first two papers in this 
session discuss experience with operations of dish plants in the United 
States and Australia. The rhird paper presents both desirable and 
undesirable design features of operating systems with troughs as well as 
dishes. 
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SOLAR TOTAL ENERGY PROJECT 
( S T E P )  

PERFORMANCE ANALY S IS 

OF 

HICH TEMPERATURE THERMAL ENERGY STORAGE SUBSYSTEM 

D. 11. Moore 
G e o r g i a  I n s t i t u t e  o f  T e c h n o l o g y  
E n g i n e e r i n g  E x p e r i m e n t  S t a t i o n  

A t l a n t a ,  G e o r g i a  30332 

T h e  Solar T o t a l  E n e r g y  P r o j e c t  (STEP) z t  S h e n a n d o a h ,  G e o r g i a  is 
a c o o p e r a t i v e  e f f o r t  b e t w e e n  t h e  U n i t e d  S t a t e s  D e p a r t m e n t  o f  E n e r g y  
( D O E )  a n d  C e o r g i a  P o w e r  C o m p a n y  t o  h e l p  m a x i m i z e  t h e  p o t e n t i a l  of 
s o l a r  e n e r g y .  S a r ~ d i a  N a t i o n a l  L a b o r a t o r i e s  p r o v i d e s  t e c h n i c a l  
m a n a g e m e n t  for t n e  0. S. D e p a r t m e n t  o f  E n e r g y .  T h e  d e s i g n ,  o p e r -  
a t i o n ,  a n d  a n a l y s i s  o f  t h i s  p o i n t  f o c u s  s y s t e m  h a v e  b e e n  s u p p o r t e d  
b y  a w i d e  r a n g e  o f  i n s t i t u t i o n a l  a n d  i n d u s t r i a l  o r g a n i z a t i o n s .  
U h e n  f u n d e d  b y  D O E  i n  1 9 7 7  a s  p a r t  o f  t h e  N a t i o n a l  S o l a r  T h e r m a l  
E n e r g y  P r o g r a m .  i t  w a s  t h e  w o r l d ' s  l a r g e s t  i n d u s t r i a l  a p p l i c a t i o n  
o f  s o l a r  c o g e n c r n t  i o n .  

T h e r e  a r c  1 1 4  t w e n t y - t h r e e  f o o t  d i a m e t e r  p a r a b o l i c  d i s h e s  t h a t  
t r a c k  t h e  s u n  i n  t w o  a x e s  a n d  p r o v i d e  1 1  b i l l i o n  BTUs of  e n e r g y  
a n n u a l l y .  E e a t  t a k e n  f r o m  a h e a t  t r a n s f e r  f l u i d  b o i l s  w a t e r  a n d  
s u p e r h e a t s  s t e a m  f o r  a ! t a n k i n e  s team t u r b i n e - g e n e r a t o r .  T h e  d e s -  
i g n  o u t p u t  of t h e  s y s t e m ,  u n d e r  maximum i n s o l a t i o n ,  i s  400 k W ( e ) ,  
1380 p o u n d s  p e r  h o u r  o f  e x t r a c t e d  s t e a m  f o r  p r e s s i n g  c l o t h e s ,  a n d  
2 5 7  t o n s  o f  a i r  c o n d i t i o n i n g  for c o o l i n g  t h e  B l e y l e  g a r m e n t  p l a n t  
t o  w h i c h  t h e  m e r g i e s  a r e  p r o v i d e d .  

I n  1 S e 2  a l a r g e  n u m b e r  o f  u n e x p e c t e d  e l e c t r i c a l  a n d  m e c h a n i c a l  
p r o b l e m s  l i m i t e d  e x p e r i m e n t a l  o p e r a t i o n s .  H o w e v e r ,  m a n y  l e s s o n s  
were l e a r n e d  f r o m  t h e s e  a n o m a l i e s  t h a t  h a v e  b e e n  t o t a l l y  a d d r e s s e d  
a n d  r e s o l v e d .  T h e  n e x t  g e n e r a t i o n  s y s t e m  s h o u l d  p r o f i t  g r e a t l y  
b y  t h i s  l e a r n i n g  e x p e r i e n c e .  I n  1 Y 8 3 ,  s y s t e m  p e r f o r m a n c e  t e s t s  
were i n i t i a t e d ,  a n d  t h e  t h e r m o d y n a m i c  d e s i g n  h a s  b e e n  v a  ' a t e d .  
E a c h  i n d i v i d u a l  s u b s y s t e m  a n d  c o m p o n e n t  h a v e  d e m o n s t r a t e  d e s i g n  
b a s i s  f o r -  f u t u r e  l a r g e r  s y s t e m s .  A n u m b e r  of p r e s c r i b e d  '- ; t s  
a s s o c i a t e d  w i t h  t h i s  T e s t  O p e r a t i o n s  P h a s e  h a v e  b e e n  i n i t i a t e d  
a n d  w i l l  b e  c o n t i n u e d  t o  t h e  m i d d l e  o f  1 9 8 4 .  T h e s e  t e s t s  w i l l  
e v a l u a t e  t o t a l  s y s t e m  m o d e s  o f  o p e r a t i o n  f o r  f u t u r e  c o m m e r c i a l  
t y p e  c p e r a t i o n .  

T h i s  t e c h n i c a l  p a p e r  w i l l  h i g h l i g h t  (1) t h e  1 9 8 2  m i l e s t o n e s  a n d  
l e s s o n s  l e a r n e d ;  ( 2 )  p e r f o r m a n c e  i n  1 9 8 3 ;  ( 3 )  a t y p i c a l  d a y ' s  
o p e r a t i o n ;  < 4 )  c o l l e c t o r  f i e l d  p e r f o r m a n c e  a n d  t h e r m a l  l o s s e s ;  
a n d  ( 5 )  f o r m a l  t e s t i n g .  A n  i n i t i a l  t e s t  t h a t  i n v o l v e s  c h a r a c t e r -  
i z i n g  t h e  L ' igl i  T e m p e r a t u r e  S t o r a g e  ( H T S )  S u b s y s t e m  w i l l  b e  em- 
p h a s i z e d .  T h e  p r i m a r y  e l e m e n t  is a n  11.000 g a l l o n  s t o r a g e  t a n k  
t h a t  c a n  p r o v i d e  e n e r g y  t o  t h e  s team g e n e r a t o r  d u r i n g  t r a n s i e n t  
s o l a r  c o n d i t i o n s  o r  can e ~ t e n d  o p e r a t i n g  t i m e .  O v e r n L g h t ,  t h e r m a l  
l o s s e s  h a v e  b e e n  a n a l y z e d .  T h e  l e n g t h  o f  t i m e  t h e  s y s t e m  c a n  b e  
o p e r a t e d  a t  v a r i o u s  l e v e l s  o f  c o g e n e r a t i o n  u s i n g  s t o r e d  e n e r g y  
w i l  1 bc r c v i c w c c l .  
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HTS TEST OBJECTIVES 

. Energy Storage Capabilities 

. Thermocline Stability 

. Heat Loss 

HTS TEST # 1 

. Heat Tank to 500'F 

. Establish 500 - 750°F Thermocline 

. Monitor Temperatures Overnight 

. Operate System from Storage - 250 kW 

HTS TEST # 2 

. Heat Tank to 750'F 

. Monitor Temperature Overnight 

. Operate System from Storage - 250 kW 

HTS TEST # 3 

. Heat Tank to 750'F 

. Monitor Temperature Overnight 

. Operate System from Storage - 300 kW 

e- - 
w 
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HTS TEST RESULTS - 

Energy Storage Capabilities 

Duration of Power Electricity 
Test Level Produced 

Minutes kW kWh 

Test # 1 

Test # 2 

Test # 3 

19 250 76 

45 250 180 

39 300 190 

Storage Efficiency 

Energy Energy Storage 
Stored Extract e g Efficiency 

BTU x 10 BTU x 10 4, 

Test # 1 

Test 8 2 

Test # 3 

2.60 1.89 72.7 

5.63 4.41 78.3 

80.8 5.58 4.51 

Heat L o s s  Analysis 

Heat Loss 
14 Hr. Period 

BT'J 
Heat Flux2 
BTU/HR FT 

Design 

Test # 2 

Test IC 3 

15.6 

326.000 30.4 

228,000 26.0 
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Ste?hen 'Caneff 

Department of %ginee r ing  Phys ic s  
Research School of Dhys ica l  Sc iences  

The A u s t r a l i a n  "Ja t iona l  ' Jn ivers i ty-  
CanSerra. A.C.T. h s t r a l i a  

ABSTRACT 

Developmental work f o r  t h e  f o u r t e e n  d i s h  ' h i t e  C l i f f s  So la r  Dower S t a t i o n  
commenced i n  J u l y  1979; eng inee r ing  d e s i g n  s t a r t e d  i n  August 198r): and 
c o n s t r u c t i o n  w a s  completed i n  Oecember 1981. Sxper imenta l  running  of t h e  
f u l l  system commenced i n  March 1982, d e s i g n  s p e i c f i c a t i o n s  were !net by June  
1932 and r o b u s t  r e l i a b l e  o p e r a t i o n  w a s  e s t a b l i s h e d  by June  1933. 
now s u p p l i e s  t h e  small township on a s t a n d  a l o n e  b a s i s  (w i th  d i e s e l  bazk-uo) 
and runs  a u t o m a t i c a l l y  and l a r g e l y  una t tended:  h a r d l i n g  be ing  by 3.ocal 
personnel .  

The system 

The a r e a  is remote and s u b j e c t  t o  extreme environmental  c o n d i t i o q s ,  -01 s t ion  
of che a s s o c i a t e d  problems r equ i r ed  c a r e f u l  and though t fu l  a t c e n t i o n  and t h e  
a p p l i c a t i o n  of r e sources .  Notwi ths tanding  t h e  wide range  arid h a r s k e s s  of 
c o n d i t i o n s ,  t h e  d i f f i c u l t i e s  caused by remoteness  and t h e  k c k  of a technol -  
o g i c a l  base  and t h e  need f o r  r e l a t i v e l y  r a p i d  demonst ra t ion  of  SI' :.css, t h e  
p r o j e c t  has  had a vc ry  p o s i t i v e  outcome. 
matiorr. and l e s s o n s  a r e  now a v a i l a b l e  t o  e n a b l e  c o n s i d e r a b l e  s i m o l i f i c ? t i o n s  
t o  be made f o r  a new system, reducing  bo th  hardware avd o ? e r a t i o n  and ni. : . I -  

t rnance  c o s t s .  

Q u a l i t a t i v e  and q u n a t i t a t i v e  i n f o r -  

7xper ience  and l e s s o n s  from t h e  p r o j e c t  are p resen ted ,  p a r t i c u l a r l y  i n  relat- 
ion  to :  system performance i n  v a r i o u s  environmental  c o n d i t i o n s .  d e s i g n  p h i l -  
o soph ies  f o r  c o l l e c t o r s ,  t h e  a r r F y ,  c o n t r o l  systems,  e n z i n e  and p l a n t .  oper-  
a t i o n  and maintenance s t r a t e g i e s  and c o s t  reducing  p L s s i b i l i t i e s .  SxDerience 
so  f a r  g i v e s  encouragwen t  f o r  t h e  f u t u r e  of  such p a r a 5 o l o i d a l  d i s h  systems i n  
a p p r o p r i a t e  areas. 

1. INTRODUCTION 

c 

r e s c r i p t i o n  ana performance in fo rma t ion  f o r  t h e  ' r h i t e  C l i f f s  S o l a r  Power 
S a t io i .  has  a l r e a d y  appeared e l sewhere  ( f o r  example, Yanei'f i 983a ,  i9R3b, 
1983c, 1983d); 
s t a t i o n  details:  

t h e  fo l lowing  d e t a i l s  t h e r e f o r e  s e r v e  as  a b r j e f  reminder  of 

The V h i t e  C l i f f s  p r o j e c t  is in tended  p r i m a r i l y  t o  h e l p  a s c e r t a i n  v i a b i l i t y  of 
p a r a b o l o i d a l  d i s h  s y s t e m s  i n  y rov id inz  energy and vater :or A u s t r a l i a ' s  ini.2. cl 

and remote areas. The small opal minfnytown cf ' Jh i te  C l i f f s  (1190 kmwec, L 
Sydney) was chosen because i t  had no e x i s t i n g  power s u p ~ l y  and i p  s u f f i c i e n t l y  
remote t o  provide  211 a u t h e n t i c  environment. 
i n v e s t i g a t i o n s  commenced i n  J u l y  1979, eng inee r ing  des i - :  i n  August 1 9 O q  and 
c o n s t r u c t i o n  w a s  completed by December 19531; o u t p u t  s?ec f c a t i o n s  were met 
by June  1952 and cont inuous  r c l i a b l e  o p e r a t i o n  was e s t a b l i s h e d  by Juve  1983. 
The s t a t i o n  now s u p p l i e s  t h e  townshio on a conti-nuous round-the-clock b a s i s  

Pxper imenta l  and t h e o r e t i c a l  

b 
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arplifier Set freq 4 Figure 2. dc YachinelBattery Storage S y s t m .  

that is, stand alone (with d i e s e l  back-up). 

1.1 System Description 

Figures f ai 
low qual i ty  t e a t  a t  an inso la t ion  l eve l  of 1 kW/mz and comprises i4 modular 
semi-autonomous paraboloidal t racking co l l ec to r s ,  each 5 m diameter with 
f ib reg lass  subs t r a t e  and plane mirror trle re f l ec t ing  surfaces(2300 tiles per 
co l l ec to r ) ,  moving i n  az i su th  and elevat ion dr iven by pr inted c i r c u i t  motors 
through ac tua tors  and control led Ly dish-mounted sun senso r .  Fsch co l l ec to r  
carries its own bat te ry  supply, charged from t h e  c e n t r a l  p lan t .  

2 portrav the  i n s t a l l a t i o n  which produces 25 W e  and over jOOkW 

A cen t r a l  con t ro l l e r  intrudes on t h e  modrllar u n i t s  only t o  g ive  instrucLions 
f o r  s t a r t i n g ,  o f f s t ee r ing  ( in  case of steam o t  energy flow balance f a i l u r e ) ,  
stopping and parking (normal o r  s t rong wind mode). I n  :he w e n t  of c e n t r a l  
control  f;  i l u r e ,  each co l l ec to r  can c(r.itinue operation, c l o s e  down, park and 
o f f s t e e r  ( i n  response t o  absorber cverheat) .  
wind v e l o c i t i e s  of up t o  80 km/h, above which i t  parks automatical ly ,  ve r t l cany  

The c o l l e c t o r  a r r ay  operates  a t  

148 0; 
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facing. Normally t h e  c o l l e c t o r s  are parked hor izonta l ly  facing south east, t o  
reduce dus t  co l l ec t ion  and dew p rec ip i t a t ion  and t o  obviate  excessive movement 
when parking a t  t h e  end of each day and i n  acquir ing t h e  sun i n  t h e  morning. 

Steam a t  up t o  55OoC and 7 MPa is generated i n  t h e  semi-cavity absorber of each 
co l l ec to r ,  conveyed through horizontal  and v e r t i c a l  a x i s  ro t a ry  j o i n t s ,  thence 
i n  insu la ted  pipes  t o  a high performance reclprocat ing uniflow steam engine 
which converts t h e  ava i l ab le  s o l a r  heat t o  mechanical work a t  heat-to-mechan- 
ical  work conversion e f f i c i e n c i e s  of up t o  22%, ( typ ica l ly  17-20%). 

The automatic cycle  begins on clock Zommand some 10-25minutes a f t e r  sunr i se ;  
feedwater flow is then e s t ab l i she i  i n  t h e  a r r ay  over an a l loca ted  10 minutes; 
t he  a r r ay  acqui res  t h e  sun wi t ? ' n  t he  next 3 n 5 u t e s ;  
steam qua l i ty  rises. 
valve c loses .  
electric starter engages, so ensuring engine start i n  t h e  co r rec t  d i r ec t ion ;  
t he  d ra in  va lve  c loses  and t h e  engine accelerates as it  warms up. 
dayengine s ta r t  occurs some 12-6 minutes a f t e r  t he  a r r ay  is f i r s t  t racking;  
within a fu r the r  20-6 minutes, t h e  engine is de l iver ing  usefu l  power t o  t h e  
load( tha t  is, generating 3+ kWe t o  supply a u x i l i a r i e s  and some load). 
power is generated within about 45-25 minutes from i n i t i a t i o n  of t h e  'start' 
s igna l ,  depending on time of s ta r t  and on inso la t ion .  

steam 3 n e s  warm up and 
A t  an engine room steam temperature of 1800C, t h e  bypass 

When steam pressbze reaches 2.5 ma, t h e  t h r o t t l e  opens and t h e  

On a sunny 

Useful 

A clock s igna l  30-40 minutes before  sunset (approximately t h e  l i m i t  of usefu l  
n e t t  power output) causes t h e  a r r ay  t o  park hor izonta l ly  facing south east. 
During in te rmi t ten t  cloud, t he  engine s tops  and starts automatical ly  i n  accord- 
ance with ava i l ab le  s t e a m  qua l i ty ;  during cloud, t h e  t racking system provides 
timed pulses  f o r  following t h e  sun which can t h a b e  acquired within seconds of 
merging.  

Figure 2 depic ts  t h e  eRgine/load combination designed t o  maintain energy flow 
balance. Excess engine output beyond that required t o  supply the  ac load. . 1 
any moment, is s tored ,  v i a  a dc machine, i n  a 760 ah lead ac id  heavy duty 
t ract ion-type ba t te ry ,  while i n  times of inadequate inso la t ion ,  energy is drawn 
from the  ba t te ry  t o  d r ive  o r  help d r ive  t h e  a l t e r n a t o r  and supply the  town. 
I n  t h e  absence of sunl ight ,  t h e  b:attery/dc machine alone d r i v e  t h e  a l t e r n a t o r ,  
t he  steam engine being s t a t iona ry ,  a s i t u a t i o n  f a c i l i t a t e d  by a free-wheel 
( ra tche t )  type coupling between engine and a l t e r n a t o r .  Storage ava i l ab le  is 
intended t o  cope with overnight requirements but i f  t he  ba t t e ry  is discharged 
before  f u r t h e r  so l a r  energy is col lec ted ,  a back-up d i e s e l  u n i t  starts auto- 
mat ical ly  t o  supply the  load. 
acts as an emergency supply i f  t h e  d i e s e l  set is out of service.  

For obvious continuous cloud, t h e  system can be manually lockedout.  

A € lash  b o i l e r  permits engine t e s t ing  and 

1,2 Performance 

Robust economical hardware was sought, construct ion being based on a g r i c u l t u r a l  
anti Jutomocive prac t ices .  Dish manufacturing tolerances w e r e  relaxed by 
permitt ing a 'fuzzy' focus which nevertheless  allows 95X of r e i l e c t e d  energy t o  
be intercepted by the  semi-cavity absorber 160 m diameter and ld mm long, 
which is accordingly subject  t o  relati-re!.; l c w  heat  stresses. 

Figure 3 shows co l l ec to r  pc 
steam temperature. 
raom condit ' .ons; 

lance a s  a f tnc t ion  of inso la t ion  l eve l  and 
Figure u is che cascade diagram a t  s t a t e d  sim and cngine- 

while Idgher steam c;t;ali ty can be achieved i n  t h e  engino-room, 



b9 

3 
aJ 
V 

le 

.r 

.c 

L 
0 
c, u 
2 
c 
0 u 

- 50 

- 40 

- 30 

- 20 

- 10 

0 

4 

ORIGINAL PAGE 1s 
OF POOR QUALIfl 

I I I I 1  I 80 1 

0 

, -  
.? k 

s y s t e m  output  is not  n e c e s s a r i l y  
h ighe r  and may be lower,  dv.e t o  
enhanced l o s s e s .  Figure. 5 shows 
t h e  generated e l e c t r i c a l  power 
n r o f i l e  for opera t ion  when peak 
i n s o l a t i o n  w a s  874 I-:/m2 .rTseful 
n e t t  e l e c t r i c a l  output  flows from 
5r) minutes a f t e r  s u n r i s e  u n t i l  qb3 
minutes  be fo re  sunset  i n  t h i s  c a s e  
and depends on feedwater flow a s  
w e l l  as on i n s o l a t i o n .  ( D i s t o r t -  
ionat t h e  s t a r t  of t h e  curve for 
i n s o l a t i o n  i s  caused by a small 
h i l l ) .  Figure 5 shows t h e  s teady 
s ta te  r e l a t i o n s h i p  between inso l -  
a r i o n  and g r o s s  e l e c t r i c a l  ou tpu t .  

400 W/m 

i 1 

Collection efficienc 
coliectors - 
vs. steam temp. a t  
d i f ferent  insolat i  
levels. 

Fig. 3. White C l i f f s  5 m. 

It may 3e notedfmm Figure 6 t h a t  
a t  i n s o l a t i o n  l e v e l s  below about 
400 W/m2, t h e r e  is inadequate 
output  generated t o  make UD t h e  
power taken by a u x i l i a r i e s  ( t h a t  
is, a l i t t l e  over  3 kVe). 
General ly  t h e  array c o l l e c t i o n  
e f f i c i e n c y  i n c r e a s e s  as i n s o l a t i o n  
i n c r e a s e s  ( a t  given steam ooera t inq  

Figure 4. WHITE CLIFFS SYSTEM PERFORMANCE AT 
INSOLATION OF 1 kWlm2 AND STEAM 211 kW 
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2.  ENVIRONMENTAL EXPERIENCES 
; k 

White C l i f f s '  c l imate  is typ ica l  of much of t h a t  of inland Australia, with an 
i r r egu la r  r a i n f a l l  whose average is w e l l  below 25 c m  (10 inches) per annum. 
Much of t h i s  precipita:ion appears as thunderstorms which cause sporadic 
flooding a t  times. 
s i d e  is carpeted with greenery; 
more uncertain than normal. A t  o ther  times (most of t h e  time) condi t ions 
become extremely dry and dusty,  with much sunshine. 

During good years (1983 f o r  example), t h e  whole country- 
animal and b i rd  l i f e  abound and in so la t ion  is  

2.1  Inso la t ion  and Cloud 

Figure 7 dep ic t s  t h e  hourly and seasonal va r i a t ions  i n  d i r e c t  inso la t ion  f o r  
White C l i f f s  according t o  a w e l l  known f o i m l a .  But  our records over t h e  
pas t  4 years  have frequent ly  recorded higher values than these,  e spec ia l lv  
following r a i n  (suggesting that atmospheric dust  plays an important part. in t h e  
process).  I t  is not uncommon during the  period October t o  March f o r  peak 
inso la t ion  t o  exceed 1 k w / d  (even reaching 1.07 kW/m' on rare occasions. 

Meteorological records f o r  the White C l i f f s  region show approximately 3000 
hours of sunshine per year and an incident  energy of around 2100 k%/m per 
annum. 
shoilld be compared with the  values  of Table Iwhich shows an idea l  s i t u a t i o n  
f o r  mean energy/day/m2 and nean peak inso la t ion  f o r  each month on t h e  bas i s  of 
]at02 sunny days - t o t a l  annual incident  energy would then be 3390 k1fi/m2. 

2 

Our records f o r  1980 show some 2400 kUh/mZ per annum, a f igu re  which 

TABLE I. Yean Energy p e r  Day and Peak Inso la t ion  Level a t  White C l i f f s  €or 
Idea!. Conditions 

-- 
c.' 

-Zni c: h Jan. Feb. h r .  Apr. May June July Aug. Sep t .  O c t .  Nov. t ec .  

Mean ener y l l . 1  10.5 9.44 8.25 7.25 7.0 7.2 8.95 3.41 10.45 11.1 11.25 
-- 

kWh/day/m 9 
Mean Peak 947 944 938 920 890 885 890 92u 938 364 947 948 
Inso la t  ion 
W/"2 

But t h e  above f igu res  f o r  incident  mergy per year d isguise  t h e  form and cont- 
en t  of t he  ava i l ab le  usefu l  inso la t ion .  !Jhile, as may be expected f o r  areas 
which a r e  reputedly very sunny, many days over t he  year are completely sunny, 
and very few a r e  completely cloudy. But a surpr i s ing ly  l a rge  number of days 
are only pa r t ly  sunny: 
which: 

these  may be considered in  three  categories ,  days i n  

a zontunuous band of sunshine is followed 
o r  v i c e  versa (such as occurs when a cloud f ron t  a r r i v e s  or ex i s t ing  
continuous cloud c l e a r s ) .  
is st raightforward.  
i n t e r n i t t e n t  cloud is present - a surpr i s ing ly  frequent phelmmenon which 
can occiir a t  any time of y e a r  but pa r t i cu la r ly  i n  summer. What is of ten  
invol jed is t he  loca l  formation of J matrix of very slow-moving clouds i n  
the e a r l y  afternoon l a s t i n g  u n t i l  l a t e  a f t e m o m .  

by a continuous band of cloud 

The system operat ion i n  such circumstances 

Meehanfsms involved 

b 
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- 1 1 1 1 1 * ,  . from which t h e  system t a k e s  time t o  

I F i w 5  2s 1 
appear  t o  be t h e  formation of 
'chimneys' of  hot  a i r  r i s i n g  
from t h e  g round ' in  a r e l a t i v e -  
l y  s t a b l e  p a t t e r n  accompanied 
by t h e  formation of a corresp-  
onding s t a b l e  p a t t e r n  of cloud 
which moves but slowly, causing 
i n s o l a t i o n  a t  any given po in t  
t o  vary from f u l l  sunshine t o  
shadow. The p e r i o d s  of sun 
and shade vary t y p i c a l l y  i n  
t h e  range of a few minutes t o  
20-30 minutes - scrnet:.mes t h e  
clear pe r iods  are longer ,  and 
sometimes they are t h e  s h o r t e r .  
I n  such circumstances t h e  
s o l a r  s t e a m  system o p e r a t e s  i n  

-TIME 

Figure 6. 

GPOSS ELECTRICAL OUTPUT 
vs INSOLATION 
(Steady S t a t e )  accordance with t h e  steam q u a l i t y  

a v a i l a b l e ,  running and s topping i n  
tu rn .  While t h e  s t a t i o n  a u x i l i a r i e s  
( e s p e c i a l l y  t h e  feedwater pump, t h e  
water and o i l  c i r c u l a t i n g  and treat- 
inent pumps and t h e  coo l ing  water pump) 
a r e  running cont inuously,  some 3 kl-!e 
energy is expended. I f  t h e r e  is no 
s t e a m  energy, t h i s  q u a n t i t y  has  t o  
come from t h e  b a t t e r i e s .  It can 
happen, t h e r e f o r e ,  depending on t h e  
mark-space r a t i o  of t h e  sunfshade,  
t h a t  t h e r e  may be a n e t t  o v e r a l l  l o s s  
of energy while  running i n  t h i s  mode, 
o r  a t  least t h e  n e t t  u s e f u l  energy 
over t h e  ope ra t ing  per iod may no t  be 
worth t h e  t r o u b l e  to  run.  

Even r e l a t i v e l y  s h o r t  s p i k e s  of shade 
can cause  momentary l o s s  of superheat  

/ 

(3) haze due t o  s p a r s e  cloud, water vapour a n d l o r  high l e v e l  d u s t  is p r e s e n t ,  
lowering che mean i n s o l a t i o n  level u s u a l l y  with a c h a r a c t e r i s t i c  ' spikey '  
p r o f i l e ,  w i t h  t h e  i n s o l a t i o n  varying by a s i g n i f i c a n t  amount i n  r e l a t i o n  
t o  t h e  t o t a l  i n s o l a t i o n  - ttie s p i k e s  a r e  f r equen t  (every minute of so, 
sometimes less frequent!. Apart from lowering steam q u a l i t y  and s t a t i o n  
ou tpu t ,  n e i t h e r  t h e  steam sys tem nor  t h e  engine can reach temperatl ire 
equi l ibr ium and o v e r a l l  e f f i c i e n c y  is lowered as  is  Lutput.  

Coping with t h e  a5ove s i t u a t i o n  p r e s e n t s  problrms of ope ra t ing  s t r a t e g y  which 
need- i n t e l l i g e n t  dec i s ions .  A h a t  s t o r e  of come txis of minutes '  c a p a c i t y  
wouldgosome way t o  improve performance i n  t h e s e  condLtions (as t h e  c u r r e n t  
ammint of hea t  s t o r e d  i n  t h e  stean system is sr;. 1 .  involving on ly  hea t  capac- 
ity Qf s t e a m  l ines  and insu1ation)bit t  t h e  c o s t  e f f e c t i v e n e s s  of t h i s  has y e t  

.. 
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t o  be resolved and t h e r e  are grounds 
f o r  expecting b e t t e r  r e t u r n s  from 
an automatic f o s s i l  f u e l  burner 
i n s e r t e d  j u s t  before  t h e  engine to 
maintain good superheat .  

In t h e  meantime, t h e  s t a t f t k ' c q e r a t -  
ions  manager relies on judgement and 
p r e d i c t i o n  of i n s o l a t i o n  condii  'ons 
when s i t u a t i o n s  (2) and (3)  above 
arise, as t o  whether o r  no t  t o  run 
or cont inue t o  run t h e  s o l a r  s t e a m  
system (adding superheat  from a 
f o s s i l  fviel i n  t h i s  c a s e  is q u i t e  
e f f i c i e n t ;  more so than running t h e  
d i e s e l  back-up system). 

'lere a new m u l t i d i s h  c e n t r a l  p l a n t  
system t o  be designed, a v i a b l e  

opt ion  might be t o  run a l l  d i s h e s  except a small number near  t h e  p l a n t  a t  lower 
temperatures,  even vet s t e a m ,  then t o  add t h e  superheat  from t h e  d i s h e s  near  
t h e  p l a n t ;  
cope wi th  t h e  abovementioned problems. 

a f o s s i l  f u e l  burner could then b e  added c l o s e  t o  t h e  engine t o  

2.2 Wind 

White C l i f f s  is loca ted  on a r e l a t i v e l y  f l a t  p l a i n  with occasional  s m a l l  h i l l s  
some t e n s  of m2tres high. Avai lable  meteorological  information is s p a r s e  and 
does not  provide an  adequate o r  true p i c t u r e  of wind condi t ions .  The a r e a  is 
obviously ver :  wlndy and l o c a l  observers  r e p o r t  harrowing tales of p a s t  storms. 
Our records u v e r  4 y e a r s  a t  t h e  s o l a r  s i t e  (anemometers a t  7 m and 30 m above 
ground) and on a nearby h i l l  (25 m higher than t h e  s i t e )  show t h a t  whereas 
t h e  wind normally d i e s  down a t  n ight  a t  t h e  7 m l e v e l ,  a t  30 m above ground and 
on t h e  h i l l ,  t h e  wind almost never s tops ,  with an average v e l o c i t y  of  about 
7 ms'l (making t h i s  an  e x c e l l e n t  s i t e  f o r  wind genera tors )  

The wind can be descr ibed as being very s t r o n g  and gus ty  during t h e  day q u i t e  
f requent ly ,  s t r o n g l y  b u f r e t t i n g  t h e  c o l l e c t o r s .  Although genera l ly  s t rong ,  
winds are not  unduly so and t h e  80 h / h  speed f o r  which t h e  a r r a y  is designed 
t o  park v e r t i c a l l y  upwards has  been exceeded only  once on o m  records  a t  a 
time when t h e  d i s h e s  were a l r e a d y  parked v e r t i c a l l y ;  
t h e  park va lue  many times. 
during i t s  d a i l y  opera t ion  t h e  array experiences very  severe  b u f f e t t i n g  from 
t h e  win4 e s p e c i a l l y  from l a t e  SF- ing t o  e a r l y  autumn and s t e e p  v e l o c i t y  f r o n t s  
cause sudden mechanical shocks. Apart from unpleasant e f f e c t s  on people,  t h e  
wind inf luences  on t h e  s o l a r  system include:  

but  spee.?s have approackd 
Although extremely s t r o n g  winds are uncommon, 

) per turba t ion  of a r r a y  t racking  - because of genera l  s t r u c t u r a l  r e s i l i e n c e  
enhanced by t h e  r e l a x a t i o n  of r i g i d i t y  and backlash c r i t e r i a  i n  order  t o  reduce 

c o s t s ) ,  t h e  preF -*e of s t rong  b u f f e t t i n g  winds ( p a r t i c u l a r l y  from c e r t a i n  
d t r e c t i o n s  i n  r t - a t i o n  t o  c o l l e c t o r  o r i e n t a t i o n )  can r e a d i l y  cause  perpe tua l  
hurt' * *he a l t i tude /az imuth  d r i v e s ,  u n l e s s  a p p r o p r i a t e  precaut ions are 

*a 0 .%:.+e s o l u t i o n  was t o  permit only intermit tent  d r i v e ,  n o t  



4 continuous - sun sensor  s i g n a l s  which deno te  t r a c k i n g  e r r o r 3  are allowed t o  
c o r r e c t  t h e  c o l l e c t o r  o r i e n t a t i o n  t o  produce ze ro  e r r o r  but  t h e  d r h e  c i r c u i t s  
are then i n h i b i t e d  f o r  10-15 s befo re  f u r t h e r  ope ra t ion  i s  allowrc?. This 
s t r a t e g y  has proved extremely s a t i s f a c t o r y  under a l l  expsrienced ope ra t ing  
cond i t ions  and produces a t r a c k i n g  which is more than adequate  f o r  t h e  purpose 
( b e t t e r  than -1 0.150 po in t ing  error). 

( 2 )  
c o l l e c t o r s  - but f i n e  d u s t  p a r t i t l e s  which se t t le  can a l s o  r e a d i l y  be blown 
3 f f b y  s t r o n g  winds, tending t o  reduce t h e  e f f e c t .  

t h e  r a i s i n g  of d u s t  c louds  and t h e  blowing and d e p o s i t i n g  of d u s t  onto t h e  

(3) t h e  convecting away of hea t  from t h e  semi-cavity abso rbe r s .  This is t h e  
most s u b s t a n t i a i  problem from wind and t ends  t o  counter  t h e  b e n e f i t s  of simp- 
l i c i t y  of design.  
thermal energy above a no-wind cond i t ion .  This  loss is avo idab le  so :hat new 
p ro tec t ed  abso rbe r s ,  c l o s e r  t o  a t r u e  c a v i t y ,  are being i n s t a l l e d  t o  reduce 
t h i s  s u b s t a n t i a l  l o s s .  

I n  s t r o n g  winds each absorber  can l o s e  more than 1 kW 

(4)  
wind blowing from a p a r t i c u l a r  d i r e c t i o n  and sometimes by dus t l aden  whirlwinds 
which more o f t e n  than seem reasonable,  choose a p a t h  t o  t h e  p l a n t .  

t h e  depos i t i ng  of l a r g e  q u a n t i t i e s  of d u s t  i n  p l a n t  rooms as  a r e s u l t  of 

( 5 )  
some cases wind v e l o c i t y  f r o n t s  s t a r t i n g  from almost s t i l l  a i r  t o  3 0  m s - 1  
w i th in  one minute o r  s o ) .  

sudden mechanical shocks on a l l  components a r i s i n g  from wind changes ( i n  

2 . 3  P r e c i p i t a t i o n  

The e f f e c t  of r a i n  is on ly  s l i g h t  because of i t s  in f r equen t  occurrence.  ?lost 
c louds moving over  White C l i f f s ,  a l though reducing s o l a r  energy, szem r e l u c t a n t  
t o  p a r t  w i th  t h e i r  moisture .  Whcrlrain does f a l l ,  i t  i s  u s e f u l  i n  p a r t l y  washing 
t h e  d i s h e s  but t h e  a c t i o n  is incomplete - some r e s i d u a l  d i r t  remains. 
Dew, which is f r equen t  i n  s p r i n g  and autumn,and r e s u l t s  i n  s e v e r a l  l i tres of 
condensate on each d i s h ,  a c t s  t o  c o n s o l i d a t e  p a r t  of t h e  deposi ted d u s t  on t h e  
mi r ro r s .  

2.4 Dust 

Both c o a r s e  low l e v e l  d u s t  blown up by s t r o n g  winds and high l e v e l  f i n e  d u s t  
occur i n  abundance i n  t h e  in l and .  The former i s  not  a problem s i n c e  i t  r a r e l y  
d e p o s i t s  o r  remains on t h e  m i r r o r s .  
d i r x t l y  and a l s o  produces a f r equen t  depos i t  of f i n e  d u s t  on t h e  d i s h e s  and on 
a l l  o t h e r  components. 
Dust of one kind or ano the r  -*  .I tr  be accepted as a f a c t  of l i f e  and equipment 
designed accordingly,  e i thex  dustproof or d u s t  t o l e r a n t .  With t h i s  mind, 
a l l  components have been produced s u c c e s s f u l l y  t o  l i v e  wi th  t h e  problem of 
d u s t .  However t h e  m i r r o r s  are r e g u l a r l y  a f i e c t e d  and, u n l e s s  c leaned,  can 
s u f f e r  an energy loss of up t o  20% a f t e r  a few weeks - t h i s  l o s s  removes 
va luab le  superheat  and is a s e r i o u s  e f f e c t .  

The l a t t e r  o f t e n  reduces i n s o l a t i o n  

Cleaning of d i s h e s  is t h e r e f o r e  considered d e s i r a b l e  and is  c a r r i e d  ou t  with a 
flequency of 10-30 days,  depending on t h e  s t a t e  of t h e  m i r r o r s .  Secause of 
t h e  absence of grime and due t o  t h e  f a c t  t h a t  t h e  consolitkited p a r t i c l e s  are 
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very small, c lean inq  i s  c b r r i e d  ou t  by manually rubbing wi th  a l a r g e  lambswool 
pad iounted on a IC 1 - - l ex ib l e ' t ube -  t h i s  c l e a n s  and p o l i s h e s  t h e  m i r r o r s  i n  a 
time t y p i c a l l y  5-10 mlnutes per  d i s h ,  depending on i t s  s ta te .  
tedium, however, w e  are experimenting with automatic  c l ean ing  dev ices .  

To remove 

2.5 Extremes of Tenperature 

Temperatures from j u s t  below f r e e z i n g  i n  wir,ter t o  w e l l  above 40°C (up t o  47 C )  
i n  summer are a f e a t m e  of t h e  White C l i f f s '  climate. 
a l s o  be  a problem. Equipment is not  d i f f i c u l t  t o  make t o l e r a n t  of t h e s e  
cond i t ions  and no a n t i - f r e e z e  p r o t e c t i o n  i s  used i n  t h e  steam s y s t e m  which i s  
a l w a y s ,  t o  some e x t e n t ,  charged with water when t h e  s y s t e m  is  not  running. 

0 

Humidity I n  summer can 

I n  summary, a l though t h e  environment is harsh a n d ' i n h o s p i t a b l e  on occasions,  
by applying &ppropr i a t e  design and ope ra t ing  s t r a t e g i e s ,  any problems can be 
coped wi th  reasonably r e a d i l v .  

3 .  HARDGJARE EXPERIENCE 

The s o l a r  a r r a y  has  presented extremely f e w  problems. 
of c o l l e c t o r  development , s e v e r a l  opt i ons  were considered and eventuaLly f i b r e -  
g l a s s  s u b s t r a t e s  were s e l e c t e d  i n  s t e a d  of t h e  i n i t i a l l y  p r e f e r r e d  pressed 
metal s h e l l s  due t o  a perceived inadequate time t o  p e r f e c t  t h e  v a r i o u s  p o c e s s e s  
involved. In  ope ra t ion  over t h e  past  t w o  years no t echno log ica l  changes have 
been necessary t o  t h e  array (but  k-e are c u r r e n t l y  improving t h e  abso rbe r s  t o  
improve output  by reducing wind convection l o s s e s ) .  Tracking performance has  
been equal  t o  a l l  encountsred cond i t ions .  

During t h e  e a r l y  phase 

A l l  c o n t r o l ,  e l e c t r i c a l  and e l e c t r o n i c  s y s t e m s  worked from t h e  s tar t  and have 
continued t o  o p e r a t e  t roub le - f r ee .  
t h e  commissioning phase has  been t h e  f a c i l i t y  f o r  manual o r  automatic  o p e r a t i o n  

A p a r t i c u l a r l y  v a l u a b l e  f e a t u r e  during 

The engine and steam s y s t e m ,  on t h e  o t h e r  hand, r equ i r ed  by f a r  t h e  major p a r t  
of time and r e sources  t o  develop. 
u a t e l y  high e f f i c i e n c y ,  an experimental  high performance unif low r e c i p r o c a t i n g  
steam engine w a s  s e l e c t e d  on t h e  b a s i s  of steam c a r  experience - r e a l i s e d  by 
convert ing a 3 c y l i n d e r  L i s t e r  d i e s e l  engine t o  stcam opera t ion .  This  was 
achieved r e l a t i v e l y  simply and cheaply by r e t a i n i n g  engine block, crar.icshaf t 
and bea r ings ,  o i l  pump and f i l t e r ,  e l e c t r i c  s tar ter ,  flywheel and connecting 
rods and bea r ings ,  but using General Motors' p i s t o n s ,  r i n g s  and l i n e r s ,  s u i t a b l y  
machined.. 
guides  and steam chamber and h e a t  s h i e l d s  and t h r e e  impulse p i n s  werc f i t t e d  t o  
t h e  tops  of each p i s t o n .  The problem of s p a r e  p a r t s  was consequently not  
t ax ing .  Such a converted engine,  i f  produced i n  r e l a t i v e l y  small numbers, 
wouldcost less than a d i e s e l  engine of t h e  same ou tpu t .  

In  t h e  absence of c o m e r c i a l  u n i t s  of adeq- 

Three new c y l i n d e r  s h e l l s  were made, each wi th  v a l v e  p l a t e s ,  

The o r i g i n a l  conversion, while  conceptual ly  sound, required much a t t e n t i o n  
be fo re  it  emerged as a r o b u s t ,  r e l i a b l e  u n i t  of good performance i n  everyday 
ope ra t ion .  
anism, t h e  system f o r  e x t r a c t i n g  o i l  form t h e  exhaust steam/cocdensate and on 
feedwater treatment, a l l  t h i s  work baing c a r r i e d  ou t  l a r g e l y  on s i t e  (1100 km 
from our l a b o r a t o r y ) .  
f a c t o r y  and a p p l i c a b l e  i n  o t h e r  s i t u a t i o n s ,  f o r  example for using crop and 
o t h e r  wastes f o r  r a i s i n g  steam and generat ing e l e c t r i c i t y .  

Development work w a s  c a r r i e d  ou t  over I8 months on t h e  v a l v e  mech- 

We cons ide r  t h e  steam /engine system is  now very sat is-  
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3. i Commissioning 

Because of t h e  remote- 
n e s s  of t h e  s i t e  and t h e  
consequent d i f f i c u l t y  of 
c a r r y i n g  ou t  complex 
maintenance, t h e  New 
South Vales Government, 
owners of t h e  s t a t i o n ,  
considered t h a t  commerc- 
i a l  stand;crd r e l i a b i l i t y  
should be e s t a b l i s h e d  
before  connect ing t h e  
supply t o  t h e  townsyiip 
and l eav ing  i t  i n  charge 
of l o c a l  people.  This  
phase of t h e  p r o j e c t  was 
completed i n  June 1983 
and t h e  Energy Authori ty  
of New Socth Wales then 
c a r r i e d  ou t  ex tens ive  
tests i n  J u l y  and August. 
Over t h e  approximately 
18 months durfng which 
t h e  system w a s  operated 

on 'dummy' load,  a l l  manner of  ope ra t ing  cond i t ions  were s u c c e s s f u l l y  coped 
with.  Without change, t h e  s y s t e m  w a s  connected two months l a te r  t o  t h e  town 
i n  November. 

3.2 Supplying White C l i f f s  

The convent ional  wisdom i n  power supply c i ic les  suggested t h a t  25 kWe t o  supply 
a community of 40-50 people (10 houses, h o s p i t a l ,  school ,  h a l l  and pos t  o f f i L e  
as w e l l  as  street l i g h t s )  w a s  hardly adequate.  The system i t s e l f  was not s i z e d  
t o  power White C l i f f s  but was determined by o t h e r  f a c t o r s ;  
chosen u n t i l  some time a f t e r  o t h e r  parameters were set .  

t h e  s i te  was not  

It  w a s  t h e r e f o r e  no t  without some i n t e r e s t  t h a t  l o c a l  c i t i z e n s ,  Energy Authori ty  
and Aus t r a l i an  Nat ional  Un ive r s i ty  personnel  gathered a t  t h e s t a t i o n  s i te  a t  
11.00 am on November 3 1983. The switch w a s  thrown and t h e  subsequent l oads  drawn 
over  t h e  next  24 hours were a s  i n d i c a t e d  i n  Figure 8. When no t ing  t h e  t r u g a l  
n a t u r e  of a l l  t h i n g s  i n  White C l i f f s  t h e  magnitude of t h e  load i s  r o t  so  surg- 
r i s i n g .  To d a t e  t h e  load has  no t  r i s e n  abov: 10 kWe. 

Attendance a t  t h e  s t a t i o n  by t h e  o p e r a t i o n s  manager, 7 hours  on t h e  f i r s t  day, 
has progres s ive ly  reduced t o  less than 2 hours pe r  day and should r each  less 
than t h e 1  hour per  day t a r g e t e d  in t h e  f i r s t  few months of continuous ope ra t ion .  
Make-up requirements are u p t  to  10 l i tres d i s t i i l e d  water per  day f o r  t h e  steam 
s;,stem and up t o  1000 l i t res  of cool ing water coo l ing  water on a very hotsunny 
day. 

3.3 P r a c t i c a b i l i t y  

Remoteness of t h e  si te has  c a r r i e d  d i t h  i t  v a r i o u s  l o g i s t i c  problems; but i t  



e 

' \  d i d  n o t  prove toc, d i f f i c u l t  t o  e s t a b l i s h  a f i e l d  s t a t i o n  wi th  adequate  r e sources  
t o  handle maintenance and a f a i r  amount of development on site. The l e v e l  of 
techrdo:y was d e l i b e r a t e l y  chosen to  be ag r i cu l tu ra l / au tomot ive  i n  c h a r a c t e r  
so that i t  would s u i t a b l y  be operated and maintained by l o c a l  personnel  - t h i s  
philosophy has  been v ind ica t ed  i n  p r a c t i c e .  No problems have a r i s e n  over  t h e  
p a s t  2 y e a r s  that could not  be handled on t h e  s p o t ,  except  t hose  f o r  which it  
was decided t o  change conf igu ra t ion  o r  components and which r equ i r ed  machining 
s o p h i s t i c a t i o n .  
t o g e t h e r  again by one person i n  less than 4 hours; 
s t r i p p e d  and re-assembled by a person w i t h  automotive engine experience.  

The top  end of t h e  engine can be dismantled,  a d j u s t e d  and put  
i n  7 hours  t h e  engine can be  

Confidence has  been e s t a b l i s h e d  t h a t  t h i s  kind of system is t echno log ica l ly  v i a -  
b l e  f o r  providing continuous e l e c t r i c  power on a s t and  a l o n e  b a s i s  w i th  d i e s e l  
back up i n  areas such 3s White C l i f f s .  

3.4 c o s t s  

Overall p r o j e c t  c o s t s  were approximately $ A l l 1 4  m i l l  i on ,  
r e s e a r c h  and development. 
were S12,500/kWe (SA, Dec. 1981 va lues ) .  Af t e r  a per iod of continuous supply t o  
White C l i f f s  i t  is  hoped t o  be a b l e  t o  a s c e r t a i n  t h e  t r u e  gene ra t ion  c o s t s .  

mainly salaries f o r  
Hardware c o s t s  f o r  t h e  system as c u r r e n t l y  on s i te  

4 .  POTENTIAL 

White C l i f f s  has  proved r o b u s t ,  r e l i a b l e  and manageable. 
v a l u a b l e  experience i n  two areas of in te res t  which motivated u s  t o  c a r r y  o u t  
t h e  p r o j e c t :  

It  has  provided 

Y 

( a )  A s  a means f o r  gaining information towards designing very l a r g e  paraboloid-  
al  a r r a y s  f o r  ga the r ing ,  convert ing,  t r a n s p o r t i n g ,  s t o r i n g  and u t i l i z i n g  
s o l a r  energy through t h e  use  of thermochemical systems and l a r g e  c e n t r a l  
p l a n t  with high energy c o l l e c t i o n  e f f i c i e n c y  and a range of energy r i c h  
products ; 

( 5 ,  t o  realise a f a m i l y  of modular paraboloidal  u n i t s  s u i t a b l e  as stand-alone 
systems €or  remote area supply and f o r  connecting t o  an e - x t r i c  g r i d .  
Our choice of steam Rankine c y c l e  engine is d i c t a t e d  by two f a c t o r s  - no 
a l t e r n a t i v e  engine was a v a i l p h l e  t o  us;  t h e  engine used was deemed t h e  most 
l i k e l y  t o  be completely m a i r t a i n a b l z  by those  l i v i n g  i n  remote areas. 

A new White C l i f f , -  could,  by pushing t h e  technology as f a r  as it  can g o , ( b e t t e r  
absorbers ,  b e t t e r  energy t r a n s p o r t ,  s h o r t e r  l i n e s ,  more e f f i c i e n t  engine,  less 
a u x i l i a r y  powar) might j u s t  double i t s  o v e r a l l  e f f i c i e n c y  t o  18%; so 7 d i s h e s  
of 5 m diameter would be r equ i r ed ,  t h e  o v e r a l l  s y s t e m  c o s t  w i t h  overnight  s t o r a g e  
and d i e s e l  back-up being about SA6700 (Aug. i983) .  

Based on White C l i f f s  type technology but  employing 11 m dfs!les, and a product- 
ion run of 15-20.dishes ,  30 kWe s y s t e  3 might be produced a t  around $5000/kWe. 
An orde r  of magnitude r educ t lon  of c o s t s  on t h e  current  White C l i f f s  system 
seems p o t e n t i a l l y  p o s s i b l e  through use of t h e  emerging S t i r l i n g  and Brayton 
engine technologies  when t h e s e  bacome a v a i l a b l e .  
In  t h e  meantime and i n  t h e  w a r  f u t u r e ,  an 11 m d i s h  with azimuth a x i s  mounted 
steam Rankine c y c l e  engine 1o:lld have c o s t  and a p p l i c a t i o n  advantages i n  t h e  
-?mote a r e a s  a€ A u s t r a l i a .  
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;pe. ‘ ional  Experience from So lar  Thermal Energy P r o j e c t s  

4 

I, . 
Chr i  stopher P. Cameron 

Sandia Nat ional  Laborator ies 

A1 buquerque, New Mexico 

Over t h e  pas t  fL.! years, Sandia p a t i o n a l  Labcrator ies has been invo lved 
i n  the  design, cons t ruc t i .w ,  and opetdt ion of a number o f  DOE-sponsored 
s c l a r  thermal e:;rgy sys. :ms. A a n g  the  systems c u r r e l i t l y  i n  operat ion *rn 
several :odu;tr.S,r process heat p r o j e c t s  and the  Yodular I n d u s t r i a l  Sola 
R e t r o f i t  q u a l i f i c a t i o n  t e s t  systems, a l l  o f  which use parabo l ic  trough:., and 
the  Shenandoah Tota l  Energy Pro jec t ,  which uses parabol ic  dishes. Opera- 
t i o n a l  exberience has provided i n s i g h t  t o  both des i rab le  and undesirable 
features o f  the  designs o f  ’,;lese systems. Features o f  these systems which 
a r e  a l s o  re levant  t o  the  design of parabo l ic  concentrator thermal e l e c t r i c  
systems are discussed. 

A key design r dilirement f o r  a l l  s o l a r  systems i s  the  a b i l i t y  t a  
operate ir :  and’surv ive a wide range o f  environmental condi t ions.  
Albuquerque, wind has been observed t 3  increase from l e s s  than 20 m h  t o  60 
mph i n  l e s s  than 60 seconds upon the  p’sszge o f  a f r o n t  wh i le  a t  t h t  same 
t i m e  inso la++on was adequate t o r  system oper t t ion .  Sinc- few concentrators 
can reach : ;6fe stow Dos i t ion  i n  such a shor t  time, the  c a p a b i l i t y  t o  sur- 
v i v e  wind speeds w e l l  above operat ional  l i m i t s ,  t y p i c a l l y  25 t o  35 mph, when 
o u t  o f  the stow pos i t ion ,  i s  h i g h l y  desirable.  
been observed i s  wind-induced o s c i l l a t i o n  o f  5ome concentrators;  t h i s  has 
caused s i g n i f i c a n t  damage. 
e f f e c t s  o f  wind (e.g., over tu rn ing  momnts) must be con;idered i n  eoncen- 
t r a t o r  design. Wind-borne debris, such as small rocks, have apparent ly  
caused damage t o  c e r t a i n  types o f  glass mir rors .  These m i r r o r s  have sur- 
v ived h a i l  tes ts ;  however, rock can have sharp p o i n t s  which apparent l j  
penetrate the  s u r f a r e  o f  the  glass. I n  addi t ion,  tenperatures w e l l  above 
ambient due t o  d i r e c t  i n s o l a t i o n  cil p o r t i o n s  o f  the s y s t e m  o ther  than the 
r e f l e c t o r s  have l e d  t o  var ious problems i n c l u d i n g  damage t o  the bond :n 
glass-stee l  laminates and i n t e r m i t t e n t  ooerat ion p f  e l e c t r o n i c  conponsnts. 

.* Other design features discussed dre system c o n t r o l  funct ions whic! 
were found t o  be espec ia l l y  convenient o r  e f f t \ c t i v e ,  such as l o c a l  concen- 

I n  

b o t h e r  e f f e c t  which has 

This  p o s s i b i l f t y  as we l l  as the  steady s t a t e  

* 

t r a t o r  c o n t r o l  s, rainwash c o n t r o l  s, and 
t i o n .  Dr ive  systems are a l s o  discussed 
r, 4 f o r  r e l i a b i l i t y  and the  usefulness 

* *  

& 

h 9 
W p 4  

systelrl response t o  changing inso la -  
w i t h  p a r t i c u l a r  emphasis on the  
o f  a manual d r i v e  c a p a b i l i t y .  
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INTKRNATIO#AL DISH SYSTKM DBvgLOPlIByT 

Leonard D . Jaf f e 
Jet Propulsion Laboratory 

Pasadena, CA 91109 

Americans working on development of solar power systems are sometimes 
unaware of the very significant work underway in other countries. 
papers are presented describing innovative and advanced projects that are 
in progress overseas. 
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'. DEPLOYMENT OF A SECONDARY CONCENTRATOR TO INCREASE THE 
INTERCEPT FACTOP. OF A D I S H  WITH LARGE SLOPE ERRORS 

Ugur Ortabasi and Evan Gray, 

Queensland 4067, Australia 
Solar Energy Research Centre, University of Queensland, St. Lucid, 

' E84 2 8 2 5 2  
and 

Joseph O'Gallagher, 
Enrico Fermi Institute, 

':.!iversity of Chicago, Chicago, Illinois, 60637, U.S.A. 

c 

# 

?" 

ABSTRACT 

We report on the testing of a hyperbolic trurr,pet non-imaging secondary 
concentrator with a parabolic dish having slope errors of about 10 mrad. The 
trumpet, which has a concentration ratio of 2.1, increased the flux through 
a 141-m focal aperture by 72%, with an efficiency of 96%, thus demonstrating 
its potential for use in tandem with cheap dishes having relatively large 
slope errors. 

INTRODUCTION 

Recent studies have clearly demonstrated the potential of parabolic dish/ 
receiver/heat engine systems to achieve high solar-to-electricity conversion 
efficiencies. Part of the reason for this success is the intrinsic ability 
of parabolic dishes to produce high solar fluxes at a very small focus. A 
compact receiver and a directly-coupled heat engine located at the focal area 
form a powerful conversion system with minimal heat losses. Temperatures in 
the order of 850" - 120OOC are easily generated and maintained. With the 
advent of modervi heat engines and ceramic lined receivers, overall efficien- 
cies higher than 40% are anticipated. 

One of the major cost factors in the manufacturing of these systems is 
the parabolic dish itself. To achieve high concentration levels that can be 
maintained under heavy windloads tne structu-a1 requirements on these dishes 
are very high. In addition, the necessity of a perfectly specular surface 
and minimum slope errors require very strict manufacturing tojerances and 
high precision. Obviously the cost of such a concentrator is too high and 
will always be detrimental to its economic feasibility. 

Previous studies by Winston and O'Gallagher (Ref. 1) have demonstrated 
that a secondary non-imaging concentrator deployed at the fora1 plane of a 
parabolic dish can significantly improve the optical performance by increasing 
the intercept factor. Experiments conducted by the authors of Ref. 1 have 
shown that a trumpet with a concentration ratio of 2.1 can increase the energy 
flux into the receiver by more than 30% for a dish of medium quality. Other- 
wise s+r;ced, it is possible to design a trumpet which will increase the 
compound concentration ratio of a primary dish with given slope errors by a 
factor of about 2, with ar. improvement in intercept factor depending on the 
shape of the actual distribution of slope errors. This means in commercial 
terms that the dish tolerances normally required to obtain high temperatures 
may be significantl)? relaxed, and the c o x  of the dish reduced. The 
combination of "sloppy dish" and secondary concentrator has been propo-c-t; by 
SERC (Ref. 2) and a preliminary study of the effects of a secondary concentrat- 
or on systen: efficiency has been made by Jaffe (Ref. 3). 
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I n  t h e  l i g h t  of  t h e s e  f ind ings ,  t h e  So la r  Energy Research Cen t re  (SERC) 
o f  t h e  Un ive r s i ty  of Queensland and t h e  Enrico Fermi I n s t i t u t e  (EFI) have 
r e c e n t l y  emkirked on a j o i n t  r e sea rch  programme t o  f u r t h e r  deJe lop  t h e  sloppy 
dish'h.-umpet combination. 
e f f o x L s ,  i n  which t h e  trumpet b u i l t  by EFI was t e s t e d  or SERC's Omnium-G 

The same trumpet tested a t  JPL was used f o r  t h i s  experiment. It is formed 
froC, copper with coo l ing  coils brazed around t h e  t h r o a t  s ec t ion .  
t r u m p t  is s i l v e r  p l a t e d  ail? t h e  i n s i d e  pol ished.  

' 4  

This  paper  reports t h e  beginning o f  our  combined 

p a r a b o l i c  d i s h  with a f o c a l  ratio of f = 0.67, l o c a t e d  i n  Brisbane, A u s t r a l i a .  

The whole 

The trumpet w a s  designed f o r  t h e  Omnium-G parabolic d i s h  a t  JPL, which 
concen t r a t e s  98% of t h e  r e f l e c t e d  e re rgy  iiito'a f o c a l  a p e r t u r e  o f  203 mm. 
SERC's d i s h  h a s  a broader f l u x  d i s t r i b u t i o n ,  with a cons ide rab le  amount of  
energy a r r i v i n g  o u t s i d e  an aperture of 300 nun. 

EXPERIMENTAL PROCEDUPE 

T o  b e s t  match t h e  trumpet to  the d i s h ,  t h e  18 i n d i v i d u a l  petals were 
r ea l igned  t o  m a x i m i s e  t h e  f l u x  i n  a 203-mm recei-ier aperture. This  w a s  done 
using an  extension of  a d i a g n o s t i c  technique desc r ibed  by Dennison and Argoud 
(Ref. 4 )  i n  which a t a r g e t  of concen t r i c  coloured annu l i  was i l l umina ted  a t  
t h e  focus and viewed from a d i s t ance .  The focus w a s  s h i f t e d  a f t e r  alignment 
to  account f o r  t h e  f i n i t e  v i e w i n g  d i s t a n c e .  I n  our  case, w e  made a t a r g e t  
c o n s i s t i n g  of a 203-mm b u l l s e y e  surrounded by f o u r  d i f f e r e n t l y  coloured 
quadrants .  The d i s h  w a s  viewed through a telescope i n  d a y l i g h t  from a b u i l d i n g  
300 m away, and t h e  petals were each a d j u s t e d  t o  m a x i m i d e  t h e  area r e f l e c t i n g  
t h e  colour of t h e  b k l l s e y e .  The colour  coding o f  t h e  quadran t s  gave unambigu- 
ous  information about t h e  adjustments  necessary t o  r e a l i g n  each petal. We 
est imated from t h e  f i n a l  image t h a t  about 50% o f  t h e  r e f l e c t e d  l i g h t  would 
pass through a 203-mm f o c a l  ape r tu re .  

Cold-!, x l o r i m e t r y  was employed t o  measure both t h e  d i s t r i b u t i o n  of  
f l u x  i n  t h e  1u.d plane and t h e  e f f e c t i v e n e s s  of  t h e  trumpec. The calorimeter 
w a s  a cavi-ty zece ive r ,  shown i n  Figure 2, which was water cooled accordinc, t o  
t h e  schematic diagram, Figure 3. The receiver w a s  b u i l t  a t  SERC t o  i n t t - r z e p t  
as  much of t h e  beam as p o s s i b l e ,  dnd ir.cludes a p rehea t ing  c o i l  of Biaml  . .r 
500 mm o n  t h e  f r o n t  f a c e ,  which w a s  covered throughout t h e  experiment. Nater 
flow w a s  measure.: by recording t h e  angu la r  speed of  a 1 ov ious ly -ca l ib ra t ed  
p o s i t i v e -  I 5-. ,  ..:ement pump. The temperature  rise across t h e  colorimeter w a s  
measured . - I .  :hed deep-inser t ion platinum r e s i s t a n c e  thermometers, and flow 
mixing d-!.. , c dere i n s e r t e d  i n  tl-? p i p e s  immediately ahead of  t h e  measurirg 
p o i n t s .  To,, - T i n  was recorded u n t i l  it s t a b i l i s e d ,  a t i m e  o f  about 20 
a.inutes,  be fo re  t h e  data were accepted. 

A water-cooled aperture p l a t e  cons i sL ing  of f i v e  removable n e s t i n g  a n n u l i  
w a s  used f o r  t h e  measurement o f  f l u x  d i s t r i b u t i o n .  Two o f  t h e  a v a i l a b l e  
a p e r t u r e s ,  namely 140.7 mm (5.5 i nches )  and 203.2 mm (8 i nches )  , corrt?spond to  
t h e  phys ica l  e x i t  apertu:-e and t h e  v i r t u a l  en t r ance  aperture o f  t h e  trumpet 
r e s p e c t i v e l y  (Ref. 1). The o t h e r  a p e r t u r e s  avai lable  are lG0 nun, 250 m and 
3CO mm. 

A l l  t h e  water p ipes ,  i nc lud ing  t h e  p rehea t ing  coi l  on t h e  f a c e  of  tf.e SERC 
r e c e i v e r ,  were h e a v i l y  i n s u l a t e d  with an alumina-fibre b l anke t  t o  prevejlt s t r a y  
h e a t  flows. The i n t e r s p a c e  between t h e  a p e r t u r e  plate  and receiver mr;th was :H 
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sealed with the same material to minimise convective losses. 

llCl -4 

Tout-Tin was measured with the dish off the sun to account for any 
differences in the thermometers and direct heating of the receiver by the sun. 
Direct insolation was measured with an Eppley normal-incidence pyrheliometer 
calibrated to 16. 
then further averaged over periods of up to one hour. 

All data were recorded as minute by minute averages and 

All the measurements were made under very clear skies, with direct 
insolation from 800 to 1000 W/m2. Although the zenith angle varied from 8" to 
SO0 during the measurements, the diffuse radiation was only 8 to 10% of the 
direct, so no correction for variation in air mass was considered. 

The energy collected by the receiver is 

where 

i = mass flow 
C = specific heat 

ID = direct insolation 
A = effective dish area 
$I = receiver intercept factor 

AT = Tout - Tin 

rl is an overall efficiency, including dish reflectivity and the effective 
absorptivity of the receiver cavity, which is assumed constant. Radiation and 
convection losses are ignored because receiver temperature was limited to 
about 50°C maximum at the rear surface and 40°C maximum at the front. There 
must, however, be an increasing convection loss at the larger apertures. 

EXFERIMENTAL RESULTS 

Values of qQl are given in TaDle 1 and the derived flux distribution is 
snown in Fisure 4. 

Table 1. Collection efficiency at various receiver 
apertures 

The irregular shape of the flu distribution may be ascribed to the vari- 
ation in focal length among the 18 separate petals comprising the Omnium-G 
dish. The large amount of energy captured at diameters between 141 mm and 
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203 mm is probably due to the method of aligning the dish to maximise through- 
put in an 8-inch aperture rather than at- a central point. The very low values 
of rp$ are due to the por - reflectivity of the dish, whose aluminium ("Alzac") 
surface has been weathered for 4 years, and to t'le verv broad beam at the 
receiver. 

A preliminary measurement with the bare receiver, including the preheater, 
gave an overall value for vi$ of about 0.5, so assuming 0 + 1 at an aperture of 
500 mm, f 0.5. 
203 m. Using Aparisi's equation (Ref. 5)  for slope errors, which is a good 
approximation at f = 0.67, the dish slope error is about 10 mad. This is a 
rough estinate since Aparisi's equation assumes a Gaussian distribution of 
slope errors, whereas the measured distribution is irregular, but it serves to 
confirm the poor quality of the mirror. 

This suggests a value for (0 of about 0.42 at an aperture of 

The trumpet concentrator was then mounted and another calorimetric measure- 
ment made. The face of the receiver was completely insulated from the outer 
edge to the trumpet exit. The measured total efficiency was I 

rlQ = 0.200 f -001 

excluding the uncertainty of 1% in the absolute value of the direct insolation. 
The intercept improvement relative to the 141 mm aperture plate is thus 
(C.200/0.116) - 1, or (72 f 11%. The previous measurements by Winston and 
O'Gallagher (Ref. 1) with this trumpet produced an intercept gain of 33%. The 
larger improvement with SERC's dish is due to the broad, flat-topped flux 
distribution. The overall trumpet efficiency is .200/.209, or (96 ? l)%, in 
excelltnt agreement with the value found by Winston and O'Gallagher for the 
same tni.nDet. 

The high trumpet efficienry is encouraging because in our measurements 
the trumpet walls reflected a much greater fraction of the total receiver flux 
than in the previous test. The trumpet throat slightly shades a 141 mm disk 
at the focal plane, so the energy reflected by its walls is sliqhtly greater 
than that which bould otherwise arrive at the receiver between 141 mm and 
203 mm, namely 428 of the total in the 203 mm aperture. The integrate3 
reflectance of the tru"3et is thus greaker than 90%. Compared to the reflect- 
ance of polished silver of about 93%, this indicates that a very high propor- 
tion of the energy actually redirected by the trumpet is reflected only once. 

COPICLUS ION 

We have demonstrated the effe-tiveness oA ,he hyperbolic trumpet secondary 
concentrator in greatly improving the intercept factor of a dish with slope 
errors of about 10 mrad. 
tradeoff and design an optimised sloppy dish/secondary trumpet system. 

We now propose to investigate the cost/quality 
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Figure 1: Trumpet concentrator configuration. Dimensions in millimetres 
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Recent Advances in @sign of Low Cost Film Concentrator and Low Pressure 
Free Piston Stirling Engines for Solar Power 

Jurgen + Hans Kleinwachter William Beale 

BOMIN-SOLAR GmbH Sunpower Inc . 
Lorrach , West-Germany Athens, Ohio, USA 

The rapid development of free piston stirling engine technology in combinat- 
ion with low weight pneumatically formed plastic film concentrators makes 
possible solar thermal power plants with a combination of high performance 
and low cost. Recent improvements in the system allow the production of 
10 kW of net electric power to the grid from a dish of approximately 7.1 
meter diameter without the need for a cover' dome. This system is believed 
to he practical and cost effective in Sahara environments. 

The main power unit is a single cylinder low pressure 50 Hz free piston 
engine with hydrodyqamic gas bearings If a simple and durable design. 
This machine is capable of high efficiency and long life without severe 
constraints on dimensional accuracy of its moving parts. Lower poker 
versions of this machine have been successfully tested and have met 
their design performance goals. 

The alternator driven by the engine has high power density and efficiency 
at least equal to that of rotary alternators presently availabie. If 
desirable. the alternator can be designed to deliver three phase power. 
Since reciprocating mass of the alternator is low, the operating frequency 
can be achieved without recourse to gas springing other than that available 
from the working gas, thus permitting a very simple and durable engine- 
alternator combination without stringent demands of axial alignment 
or other mechanical perfections. 

It is believed that the combination of simple, low cost concentrator 
with a single cylinder, low pressure free piston engine and an efficient 
and durable alternator forms a leading combination for the production 
of electric power from solar energy. 
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lc System Conception 

Parabolic dish concentrators in combination with stirling engines represer:t 
the most promising thermodynamic solar-electric-;+y system. 

Beside its potential t9 deliver efficiencies from surlight to electric] ty 
of over 25 %, there exist also good possibilities to build cost efficient, 
modular solar power stations. 

In general high performing technical systems are more complex and thus 
expensive as systems dealing with low efficiencies and non sophisticated 
technology. 

It was the main line of BOMIN-SOLAR'S and Sunpower's thinking to overcome 
this law by developing a power station combfning a low weight pneumatical- 
ly formed plastic film concentrator with a single cylinder free piston 
stirling engine. 

Both components are of extremely simple conception and once fully developed 
will be inexpensive in mass production. However, the development of 
simple high efficient inexpensive film concentrators and free '\iston 
stiriing engines requires very complex studies in the field of materials, 
analytic understanding and structural design. Only the result looks 
simple, whereas the way to it is very complicated. That.'s the difference 
between simple and primitive technology. 

The first part of the paper describes the status and recent advances 
of the plastic film concentrator, the second part the similar situation 
for ti-ie free piston stirling engine. 

1. Plastic Film Concentrators 

_-. 

.- 
/ 

I C  

As we described during the last parabolic dish peetings our company 
is developing since 1972 parabolic dish mirrors by stretching plane, 
metalized plastic membranes over hollow, drum shaped structures. 
By forming pneumatically the membrane with slight over or underpressures 
(Fig. 1, Fig. 2) we got concentration ratios over 1000 (Fig. 3 )  
and thus an enough good optical performance to produce with good 
efficiencies temperatures over 7OOOC needed for stirling operatims 
(fig. 4). Beside the pneumatically formation of dish type concentrators 
we also investigated the possibilities to deform the membrane by 
electric, magnetic or photonic means (Fig. 5). 

We then studied the possibility to build excentric parabolic dishes 
with non circular circumferances by utilizing the same membrane tech- 
nology. The result was the Fix-Focus concentrator (fig. 6 )  which led 
to a very attractive combination with a Beale free-cylinder stirling 
water pump. (fig. 7) 

The material problem of the membrane was solved by utilizing the fluor- 
polymeric miterial Hostaflon-ET from the Hoechst company (table 1). 
The chemical inertness of this plastic film is on the one hand the 
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the reason for most of its outstanding properties like long life time 
without degradation, but leads on the other hand to difficulties in 
metallizing and assembling tho membranes. 
Adequate technologies were developed. 

The basic economic arguments for thin film parabolic dishes are their 
simplicity in production and their low weight. As big dishes with thin 
membranes of loo jim thikness are sensible to wind-loads, it is conse- 
quent to protect them under transparent domes {fig. 82. The disadvan- 
tages of this combination are however the extra costs for the dome, 
the reduction of the light-flux reaching the mirror (e lo % ) ,  and the 
danger of burning parts of the dome cover during an accidental walk- 
off of the hot spot. 

This situation led to recent developments 'and advances in our parabolic 
dis\ program. 

2. Recent Advances 

The fig 9 shows one membrane section of an elastically deformed film 
concentrator. The relationship between the two main r diuses of cur- 
vature yx and 9~ , the two corresponding tensionsdx andJR , the membrane 
thickness 5 and the cormal tension p is given by equation 1. 

For a parabolic dish with the focal length and the equation 

e uakioa 2 9 
curvature is given by 

Only in the summit of the curvature ( x a f )  the ratio of 9s 4 4  
that means 
in the outer regions yr in this region the membrane shape is s PX a a , w he re as 

the membrane becomes more ar.d more cylin- 

drical. - -r>4 
For this reasion, i n  order to get a perfect paraboljc shape, the ratio 
between dx. must be depending from so that 
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which leads to the necessity of an unisotropic prestretching of the 
membrane. 

We developed the thec9nology of unisotropic prestretching of membranes 
as well for the general case of excentric parabolic dishes (fig. l o )  
as for the mostly required case of rotational parabolic dishes (fig.111. 

- 
It is shown, that the membrane is divided in several sectors whose 
lining is formed by clamping profiies (fig. 12) with multiple function. 

They permit the unisotropic prestretchinp of the film membrane 
as indicated in fig 11. 

As indicated in fiE 13 the junction line between two film' membranes 
is in general disturbed because pasted seams or weld seams represent 
unhomogenities. Fig 14 shows that the clamping profiles compensate 
this disturbance and are individually adjustable by rep,ulat.ing 
screws. 

As a membrane parabolic dish concentration is functionally represented 
by the equation 

and thus in its peripheric regions steeper than a real parabola, this 
divergency is also corrected by the clamping profiles. 

-42 The division of the membrane into several smaller sectors by said 
clamping profiles stabilizes the mirror against wind forces and prevent 
flopping, especially when during non-operation times the membrane forming 
pneumatic pressure is interrupted. Consequently a profile reinforced 
plastic thin film concentrator of big dimensions can be free standing 
without protection dome. 

As a first prototype we realized a 3 m diameter dish with profile rein- 
forcement of the two parallel welded seams ,fig. 15). Besides the wind 
stabilizing effect the result was a much higher concentration ratio 
as for the free membrane case. 

The second prototype with a sectoral vrofile reinforcement has a diameter 
of 3,5 m (fig. 16) and has the capacity to produce concentration ratios 
> 5000. 
Basing on these experimental results we are now planning to combine 
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a sectorial profile reinforced carabolic dish wlth a l o  kV free piston 
stirling generator as described in chapter 2. el 

The technical datas of this stirling dish concentrator are: 

Insolation: 

Reflectivity : 
(Hostaflon-ET with silver back layer) 

Cavity efficiency: 

Stirling overall efficiency: 
(Heat to electric) 

Total efficiency: 

Diameter of mirror: 

Concentration ratio: 

Diameter of hot spot: 

900 bl/m 2 

099 

os9 

0,38 

27,3 X 

7,2 m 

1500 

18.6 cm 

Trs.c!ting mecanism: astronomical mourting 

The expected ex factory costs are given in the foilowing table 

\ number of loo mirrors 1000 mirrors loooo mirrors 
mirrors, 

1 I:\' component 
price in \ power in t'v l o  IIL' loo I?\' 

U.S.Dollars \ 
lo KW free piston 
stirlinp, generator 

1900 1400 1000 

7,2 m mirror 5000 4000 3000 
structure 

loo m2 plastic film 
and reinforcement 5000 3000 2000 
structure 

Astronomic mounting 4000 3000 2500 

Foundings 5000 3000 2000 

Costs per installed 
XVJe, peak 2.090 !? 1.440 1.050 9 
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Rough economica l  a n a l y s e s  b a s i n g  on a y e a r l y  p r o d u c t i o n  o f  loooo u n i t s  
( l o o  N!-,) l o c a t e d  a t  a s i te  w i t h  2500 Kb'h/m2year j n s o l a t i o n  

Yvar ly  a v e r a g e  s y s t e m  e f f i c i e n c y  = 

Life time = 

2 P r i c e  p e r  m of s y s t e m  = 

Rate of i n t e r e s t  = 

Y e a r l y  costs  ( y . c . 1  p e r  m of  s y s t e m  = 

S e l l i n g  p r i c e  of KWH to c u s t o m e r  = 

';e rl; p r o d u c t i o n  of e lec t r ic  e n e r g y  p e r  
m of s y s t e m  ( y . ~  1 

2 

e l  

2 

2 5  % 

20 y e a r s  

2 5 8  $ 

l o  % 

2 5 , 8  $ 

l o  c e n t s  

A 
6 2 5  KWHef62,5 $ 

C o n c l u s i o n :  y . p . >  y . c .  = e c o n o m i c a l  - 
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Fig. 9 Membrane section 

Fig A@ Prestretching of excentric film dish -- 
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DESCRIPTION OF ENGINE-ALTERNATOR 

The f r e e  p is ton  engine-alternator described here  is a f i r s t  a t t e m p t  a t  a 
design above 3kW. A s  such it  represents  only the  beginning of what can be 
expected of machines of t h i s  type. But never t h e  less, its promise is 
evident from its s impl i c i ty  and projected performance. 
i n  the  t a b l e  below is derived from computer s imulat ions using the  Sunpower 
SYM-4 code, which has demonstrated its predic t ive  capab i l i t y  within about 
10% i n  power and ef f ic iency  over a very wide range of designs from 100 watt  
l i n e a r  a l t e r n a t o r s  t o  very low temperature r a t i o  heat  pumps, 

The performance given 

Table of Performance Charac t e r i s t i c s  of lOkW Solar  
FPSE A s  Predicted by Computer Simulation 

Power Output 
Engine Thermal Eff ic iency 

Frequency (Hz . ) 
Working Fluid 
Cooling 

Engine-Alternator Dimensions 

(Shaft  Power/Heat t o  Head) 

Weight 150kg 
Diameter 440mm 
Length 83Omm 

l O k W  (e)  

40X+ @ 7OO0C Heat Temperature 
50 
Helium a t  20 Bar 
Water e 5 0 0 ~  

ENGINE - The engine is a conventional f r e e  p is ton  engine except i n  its 
pressure,  which is r e l a t i v e l y  very low i n  comparison t o  its predecessors, 
l a rge  diameter, short  s t roke,  t h i n  w a l l  and high frequency.( ' igure 1). The 
advantages of such design include l a rge  heater  head sur faces  approp-iate fo r  
t he  external heat  t r ans fe r  rates ava i lab le ,  l a r g e  p is ton  diameter i n  co r rec t  
r a t i o  t o  the  a l t e r n a t o r  s i z e  needed t o  match the  power and high working space 
spr ing rates necessary t o  o s c i l l a t e  the p is ton  and magnets a t  thc  desired 
frequency. 

T'-e moving p a r t s  of the  engine are aligned prec ise ly  on a c e n t r a l  rod, 
which a l s o  serves as a bearing surface fo r  t he  d i sp lace r  and i t s  gas spr ing  
and a loca t ion  f o r  t he  a l t e r n a t o r  s t a to r .  

HEATER-ABSORBER 

The heater-absorber designed f o r  t he  f i r s t  prototype incorporated a f l a t  
sur face  exposed t o  s o l a r  r ad ia t ion  with in t eg ra l  involute  gas passages be- 
tween the  regenerator hot end and a c e n t r a l  connection t o  the  expansionspace. 
Other arrangements can r ead i ly  be f i t ted- tubes,  jmverted cup quar tz  windows, 
o r  many others.  Further work is i n  progress t o  l o c a t e  the  hea ter  head design 
with the  g rea t  est ove ra l l  performance. 

ALTERNATOR - The a l t e r n a t o r  is  of rectanguzar layout,  with the  s t a t o r  winding 
normal t o  the  engine axis. 
which could be found, and i n  addi t ion,  was very easy t o  make with convention- 
a l  laminations. 

This  arrangement was the  l i g h t e s t  f o r  its power 
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\ . '  The moving magnets are d i r e c t l y  connected t o  t h e  p i s t o n  of t h e  engine 
and represent  t h e  minimum r e c i p r o c a t i n g  mass p o s s i b l e  f o r  such an a l t e r n a t o r ,  
a n  important cons idera t ion ,  s i n c e  t h e  r e c i p r o c a t i n g  mass determines t h e  

working cycle and t h e  system z f f i c i e n c y ,  as w e l l  as t h e  mechanical complexity 
of the  machine. 

. . 3. necessary s p r i n g  rate, which i n  t u r n  r e f l e c t s  on t h e  thermodynamics of t h e  

I n  t h e  conf igura t ion  used f o r  t h e  f i r s t  p ro to tye ,  t h e  magnet bear ing 
members s l i d e  on f l a t  s u r f a c e s  w i t h  contac t ,  and a s o l i d  l u b r i c a n t  is used 
t o  minimize f r i c t i o n  and wear. 
i t  becomes d e s i r a b l e  t o  use gas  f i l m  l u b r i c a t i o n ,  which on such f l a t  s u r f a c e s  
w i t h  very l i g h t  loads ,  is  e a s i l y  provided. 

I n  des igns  r e q u i r i n g  l i f e  above 10,000 hrs., 

A l t e r n a t i v e  des igns  inc lude  those which are axisymmetric, with t h e  alter- 
nator winding a x i s  co- l inear  wi th  t h e  engine axis. This  arrangement permits  
t h e  use of hydrodynamic g a s  l u b r i c a t i o n  by way of spun p i s t o n  and d i s p l a c e r ,  
which method is somewhat less f a i l u r e  prone than t h e  h y d r o s t a t i c ,  with its 
a u x i l i a r y  gas pump and very small o r i f i c e s .  The spinning e f f e c t  is achieved 
by t h e  impingement of t h e  c o o l e r  p o r t  g a s  flow on small t u r b i n e  b lades  mil led 
i n t o  t h e  f a c i n g  s u r f a c e s  of t h e  p i s t o n  and d i s p l a c e r .  
c y c l e  power is diver ted  t o  e f f e c t  t h e  spinning ac t ion .  

A t r i v i a l  amount of 

.-. 

L 

The necessary cool ing  can be done by a rear mounted c y l i n d r i c a l  hea t  
exchanger and a x i a l  fan,  wi th  t h e  coolan t ,  which may be t h e  same f l u i d  as t h e  
working gas ,  moving from t h e  engine i n t e r n a l  c o o l e r  t o  t h e  e x t e r n a l  heat  ex- 
changer e i t h e r  by way of a c i r c u l a t i n g  pump, o r  i n  t h e  case o f  a b o i l i n g  
coolan t ,  by v a p o r i z a t i o n  and condensation wi th  g r a v i t y  re turn .  

. 

I f  t h e  c y c l e  r e j e c t e d  h e a t  is t o  be used f o r  some o t h e r  purpose, then 
t h e  necessary condui t  must be arranged from t h e  ground t o  t h e  engine. 

ADVANTAGES OF THE FPSE OVER CRANK DRIVE MACHINES FOR SOLAR APPLICATIONS ------ 
The f r e e  p i s t o n  promises a t  least t h e  fol lowing advantages over t h e  crank 

type S t i r l i n g  engine f o r  Solar  a p 7 l i c a t i o n s :  

Since i t  is a s i n g l e  cy1trdr.r machine wi th  e s s e n t i a l l y  one working space, 
t h e r e  is no p o s s i t i l i t p  of f l w  .na id is t r ibu t ion  as can happen between t h e  
f o u r  working spaces  cf t '  CoirbLe a c t i n g  f o u r  c y l i n d e r  crank type engine. 
Such flow unbalances can -: i3e oiie of t h e  h e a t e r  tube s e c t i o n s  t o  become 
h o t t e r  than t h e  o t h e r s  and Korce a lower average working temperature i n  the  
f o u r  c y l i n d e r  machine. 

The f r e e  p i s t o n  engine has only two e s s e n t i a l  moving p a r t s ,  and is as a 
r e s u l t  much simpler and easier t o  make than t h e  crank machine. 
t h e  p a r t s  fewer, but  they are a l s o  s i m p l e r ,  s i n c e  t h e  c l e a r a n c e s  on t h e  s l i d -  
ing  s u r f a c e s  are q u i t e  generous, on t h e  o r d e r  of 50 t o  70 microns. 

Not only are 

There is no need f o r  any l i q u i d  l u b r i c a n t ,  with i t s  a t t e n d a n t  requirement 
f o r  t o t a l  exc lus ion  from t h e  working spaces. 

1 
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There is no high p r e s s u r e  seal, and the seals t h a t  are used are not re- 
quired t o  have c lose  f i t s ,  s ince  a small amount of blowby is acceptable,  fo r  
t h e  reason t h a t  it does not represent  a l o s s  of working f l u i d ,  nor does it 
carry with it  any l iqu id  contaminant. The only consequence of s e a l  l e a k  i n  
the  f r e e  p is ton  machine i s  a s l i g h t  degradation of performance. 

The linear a l t e r n a t o r  of the f r e e  pis ton machine can be mbde t o  be very 
e f f i c i e n t  and a t  the  same time q u i t e  l i g h t  f o r  its power. 
e f f i c i - ? c y  and a spec i f i c  weight of about 6kg/kW for the  a l t e rna to r  a r e  
r ead i l y  and econom ica  1 1 y achievable . 

Over 90 percent 

The response of the  FPSE t o  vrying thermal input is such t h a t  minimal 
cont ro l  ac t ion  is necessary. 
that is required i n  the  way of a control  c i r c u i t  is a disconnect vhich acts 
when a l t e r n a t o r  vol tage is below l i n e  vol tage 

I n  the  case of a d i r e c t  g r id  connection, a l l  

It is not necessary t o  change pressure t o  match the engine t o  varying 
heat input,  s ince  the i n t e r n a l  dynamics a r e  such t h a t  temperature rise re- 
s u l t s  i n  a very rapid rise i n  power capabi l i ty ,  thus l imi t ing  temperature 
and ef f ic iency  va r i a t ion  t o  a low range a s  power v a r i e s  between half  and 
f u l l  power. 

Since there  is l i t t l e  mechanical f r i c t i o n  i n  the  FPSE, i t  w i l l  run t o  a 
low temperature difference.  Usually about 100 degrees d i f fe rence  between 
source and s ink  su f f i ces  to  keep i t  osc i l l a t ing .  This cha rac t e r i s t i c  
minimizes the  need f o r  restart during periods of varying so la r  input.  

SUMMARY 

Y 

The free p is ton  S t i r l ing- l inear  a l t e r n a t o r  has been shown t o  be sca lab le  
t o  power l e v e l s  of tens  of ki lowatts  i n  a form which i s  s imple ,  e f f i c i e n t ,  
long l ived  and r e l a t i v e i y  inexpensive. It avoids e n t i r e l y  the  vexing pro- 
blem of high pressure sha f t  seals,and its cont ro l  requirements a r e  not 
severe nor do they xepresent a s ign i f i can t  t h rea t  t o  durabi l i ty .  Linear 
a l t e r n a t o r s  have demonstratt.  high e f f ic iency  and moderate weight, and 
are capable of de l iver ing  3 phase power from s ing le  machines without g rea t  
increases  of cos t  o r  complexity. 
t o  the commercial explo i ta t ion  of the free piscon engine f o r  so l a r  electric 
power generation. 

There remains no apparent impediments 

ENGINE - ALTERNATOR LAYOUT 
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THE BASE ENGINE FOR SOLAR STIkLING POWER 

Roe l f  J.  N e i j e r  anc' Ted M. Godett 

S t i  r l  i n g  Thermal Motors, Inc.  
Ann Arbor, M I  48104 

A new concept i n  S t i r l i n g  engine technology i s  embodied i n  the  "Base 
Engine" now being developed a t  S t i r l i n g  Thermal Motors, Inc.  This i s  a versa- 
t i l e  energy conversion u n i t  s,ri t a b l e  f o r  many d i f f e r e n t  appl i c a t i o n s  and heat 
sources. 

The Base Engine, r a t e d  40 kW a t  2800 RPM, i s  a fou r -cy l i nde r ,  double-act- 
i n g  v a r i a b l e  displacement S t i r 1  i n g  engine w i t h  pressur ized crankcase and r o t a -  
t i n g  s h a f t  seal. I t  incorporates remote-heating technology w i t h  a stacked-heat- 
exchanger c o n f i g u r a t i o n  and a l i q u i d  net31 heat p ipe  ccnnected t o  a d i s t i n c t l y  
separate combustor o r  o the r  heat source. I t  s p e c i f i c a l l y  emphasizes h igh  e f f i -  
c iency over a wide range o f  ope ra t i ng  condi t ions,  l o n g  l i f e ,  low manufactur ing 
c o s t  and low material cost .  

This paper cr,escribes the Base Engine, i t s  design pni losophy and approach, 
i t s  p ro jec ted  

BACKGROUND 

I n  1972, 

ptrformance, and some of  i t s  more a t t r a c t i v e  a p p l i c a t i o n s .  

Ford Mot.or Company obtained a worldwide exc lus i ve  l i c e n s e  f r o m  . -  
N.V. P h i l i p s  o f  the Netherlands f o r  t he  S t i r l i n g  engine, cover ing v i r t u a l l y  a l l  
app l i ca t i ons ,  i n c l u d i n g  automotive. 

Under t h i s  l i cense  agreement the Resc3r.h Lab a f  N.V. P h i l i p s  was t o  de- 
s i g n  and b u i l d  f o u r  175 HP engines, two o f  which would be i n s t a l l e d  i n  Ford 
Tor ino automobiles [l]. See f i g u r e s  1 and 2 .  

I n  1976 '.I,$ t w ?  S t i r l i n g  powered Torinos and the rJlder P h i l i p s  S t i r l i n g  
bus, equi pped w i  t h  d 4-cy1 inder  rhombic d r i  ve S t i  r l  i ilg engine [2], wcre succezs- 
f u l l y  demonstrate,' f o r  t h ree  davs i n  Dearborn, Michigan. 

A few years l a t e r ,  i n  1978, r o r d  terminated i t s  S t i r l i n g  engine a c t i v i t i e s  
t o  make manpower a v a i l a b l e  f o r  shor t - term technologica l  problems, and a year 
l a t e r  P h i l i p s  stopped work on the S t i r l i n g  engine. 

Upon these events, S t i r l i n g  Thermal Motor$, Inc.  (STM) was founded i n  the  
Uni ted States t o  cont inue the work done a t  P h i l i p s ,  so t h a t  the r e s u l t s  Q f  the 
years o f  research and development work a t  P h i l i p s ,  which had r e s u l t e d  i n  a 
technica l  breakthrough s ince i t s  l a s t  l i c e n s e  agreement i n  1968, would n o t  be 
l o s t .  

. " "  -4 1 
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STM's main purpose upon i t s  foundation was t o  develop comniercial S t i r l i n g  
engines. P h i l i p s  Laborator ies ha? o n l y  made labo ra to ry  models f o r  research. 
The O F ? ~  engine made f o r  a special  purpose was the  one f o r  Ford. When t h i s  
p a r t i c u l a r  engine was made, Ph i l  i p s  was confronted w i t h  the p r a c t i c a l  r e a l i t y  
o f  designivg and b u i l d i n g  a S t i r l i n g  engine f o r  the most complex a p p l i c a t i o n  
imaginable - an automotive engine. Dur ing t h i s  t ime i t  bas discovered t h a t  some 
components o f  the engine might form obstacles f o r  commercial izat ion because o f  
t h e i r  compl e x i  t y  and vu1 nerabi  1 i ty  . 

From 1974 on, a r e a l  breakthrough was made i n  avoid ing these complex i t ies.  
This made a more sfmple four-cy1 inder,  double-act ing S t i r l  i n g  engine possible.  

Unfortunately, by t h i s  t ime i t  was too l a t e  t o  i nco rpc ra te  these improve- 
ments i n t o  the Ford engine. The i n t e n t  was t o  bse these new developments i n  a 
second-generation Ford engine. This, thoagh, was no t  done before Ford dropp?d 
i t s  S t i r l i n g  engine program. The engines being b u i l t  by e a r l i e r  l icensees o f  
P h i l i p s  were based on designs o lde r  than the Ford engine. The i r  con f i gu ra t i ons  
had been frozen f o r  several years. It was the re fo re  impossible t o  u t i l i z e  the 
new improvements. 

From the ou tse t  STFi was convinced t h a t  t he  t ime was r i p e  f o r  commercial i-  
za t i on  O T  the S t ; ' r l i n g  engine, because a l l  the ingredients  f o r  a simple, inex- 
pensive and r e l i a b l e  engine w i t h  a l o n g  se rv i ce  l i f e  were present. 

GENEfiAL APPROACH, B A Z I C  APPLICAT1.K 

STM's general approach i s  based on the conclusion t h a t  we should avoid 
compet i t ion w i t h  e x i s t i n g  i n t e r n a l  comblistion engines, a t  l e a s t  i n  the  begin- 
ing.  !Je should ra the r  f i n d  markets where the IC engine can no t  be used and 
where the use of the S t i r l  i n g  engine would be very economical, making use o f  
the unique proper t ies o f  t he  S t i r l i n g  engine. G f  the many poss ib le  appl ica-  
t ions,  we gave p a r t i c u l a r  a t t e n t i o n  t o  the fo l l ow ing  two: 

o Solar energy conversion 
o Prime mover f o r  heat-dr iven heat pump. 

If the manufacturing cost  o f  the engine could be s u f f i c i e n t l y  low, p a r t i c u l a r -  
l y  i n  mazs production, the market i n  these f i e l d s  alone could be vast.  

TECHNICAL APPROACH 

The whole d r i v e  o f  STM i s  t o  commercialize the  S t i r l i n g  engine.This means 
t h a t  the engine must be simple, r e l i a b l e ,  inaxpensive, and i t  should have a 
l ong  l i f e .  None o f  these requirements should have an adverse e f f e c t  on the 
performance o f  the engine. 

Mor? than three years o f  desiqning, discucsions w i t h  supp l i e rs  and ven- 
dors, component t e s t i n g  and p r i c e  ca l cu la t i ons ,  l e d  t o  the Base Engine. 
Studies f o r  NASA have shown t h a t  the Base Engine's ccnf igurat - ion i s  s u i t a b l e  
fo r  a whole range o f  power s izes up t o  500 hp. 

b 
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Special emphasis was placed on the flexibility of the tCe engine to adapt 
readily t o  a wide range o f  specific applications, duty cycles and heat sources. ‘t 
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Consequently, remote-heating technology i s  an integral part o f  the devel- 
opment effort, making i t  possible to d i v i d e  the engine in to  a thermal conver- 
sion u n i t  and a distinctly separate external heat ing system. Different heat 
sources coupled t o  the same “thermal converter” will adapt the engine to d i f -  
ferent applications and enhance commercial introduction since most o f  the dev- 
elopment complexity and cost is i n  the thermal conversion u n i t .  

A l i q u i d  metal heat pipe [3] is used t o  transport the heat from the heat 
source t o  the expansion heat exchanger of the thermal converter. 

So f?- ,  most o f  the development effort nas concentrated or: the thermal 
convert? 
per pistan, remote heated) and referred to  as the Base Engine. 

w h i c h  i s  designated STn4-120RH ( 4  cylinders, 120 cm3 swept volume 

ADVANTAGES OF REMOTE HEATING 

One of  the obstacles for mass-production o f  the Ford-Philips engine was 
the heater head. This was b u i l t  as an  integrated u n i t  f o r  the four cylinders 
(Figure 3). The huge mass of heat resistant material was very expensive and 
made the brazing cyc!e much too long. The reason for this large amount  o f  ma- 
terial i s  t h a t  the tubular-expansion heat exchanger comn t o  direct-flame 
Stirling engines must accomodate the relatively difficult heat transfer from 
the flue gas t o  the walls of the heat exchanger tubes. I t  i s ,  therefore, char- 
acterized by a complex cage geometry as well as volume and f low-path length 
which are much larger t h a n  those required for the relatively easy heat transfer 
from the tube walls t o  the working f l u i d  o f  the engine. 

By contrast, an expansion heat-exchanger heated by the condensing metal 
vapor w i t h  a large film coefficient i n  a heat pipe can be ideally sized t o  
suit the requirements o f  the working fluid and  can be shaped i n  the most con- 
venient manner for ease of fabrication (Figure 4 ) .  

Of course, this itself does not solve the d i f f i c u l t  external heat trans- 
fer problem, b u t  rather shifts i t  to  the evaporator section of the heat pipe 
where the size necessary fo r  adequate heat transfer does n o t  affect the thermo- 
dynamic section and is  easily realized since the heat pipe does not  have t o  
support the h i g h  cycle pressure. 

For solar applications a solar receiver wi l l  be the evapc,-ator of  the 
heat pipe sys tem. 

Remote heating thus offers a number o f  advantages i n  a d d i t i o n  to  the 
flexibility w i t h  w h i c h  i t  endows the engine: 

o I t  brings abr it major simplifications to  the heat-exchanger design. 
The so-called heat-exchanger-stack configuration, designed t o  take 
advantage of  the h i g h  film coefficient of  the condensing metal 
vapor,  i s  considerably less expensive and more suitable for mass 
production. 
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o It br ings about considerable improvement o f  the engine performance 
by permi t t ing  the heater design t o  be i d e a l l y  su i ted  t o  the t h e m -  
dynami c requi remen t s  . 

o The uniform teinperature throughout the confines o f  the heat pipe 
enclo-ure el iminates ho t  spots on the heater and thus enhance both 
the e f f i c i e n c y  and the r e l i a b i l i t y  c.f the engine. 

NEW POWER CONTROL SYSTEM 

Up t o  t h i s  t ime,  the preferred method for changing power has been chang- 
i n g  the pressure ins ide  the engine, becatise the torque o f  the engine i s  approx- 
imately proport ional  t o  the mean pressure o f  the working gas [4] .  

The development o f  t h i s  type o f  power contro l  d t  Ph i l i ps  was done w i t h  a 
s ing le  cy l inder  displacer engine, where t h i s  type o f  power contro l  was accep- 
table. However, f 3 r  a 4-cyIincier. double ac t ing  engine i t  became qu i te  cumber- 
so=, p a r t i c u l a r l y  whm very rap id  changer are required, as i n  automotive 
appl icat ions.  This type o f  system included many check valves, a c t i v a t o r  valves, 
and a storage bo t t le ,  along w i t h  a high pressure hydrogen compresser. 

Figure 5 shows a diagram o f  the power cor i t ro l  system o f  the Ford-Phil ips 
S t i r l i c g  engine. Power increases when the working gas ( i n  t h i s  case hydrogen) 
i s  dumped from the high pressure storage b o t t l e  i n t o  the engine. The reverse 
takes place when the gas i s  pumped out o f  the engine i n t o  the storage tank w i th  
the high pressure compressor. But because t h i s  i s  a slow process, dur ing t h i s  
t ime,  a s h o r t - c i r c u i t  power contro l  - which i s  a loss-contro l  - instantaneously 
cuts the power. 

I n  1974, dur inq the work on the autorot ive engine, a r e l a t i v e l y  simple, 
heavy duty const ruct ion was found t o  vary the power [SI, [SI, [7]- I n  t h i s  case 
the mean pressure o f  the engine stays the same, but  the stroke of the pistons 
changes. This method o f  power cont ro l  has the fu r the r  advantage o f  h igh p a r t  
load e f f i c iency .  Such a const ruct ion could be used only  w i th  a swashplate d r i ve  
since the stroke o f  the pistons i s  cont ro l led  by the angle o f  the swashplate. 
It wds tested thoroughly i n  a t e s t  r i g  and appl ied i n  the Advenco engine, but  
the Advenco engine was never adequately tested. Ph i l i ps  eventual ly so ld  the 
Advenco engine t o  NASA, where fu r the r  t e s t i n g  was done. 

Figure 6 i l l u s t r a t e s  schematically the var iab le swashplate mechanism. 
The swashplate i s  mounted on a p a r t  o f  the shaf t  which i s  t i l t e d  an angle a 
from the main sha f t  a x i s .  The swashplate i s  mounted i n  such fashion tha t  i t s  
cen ter l ine  makes an angle CL w i th  the t i l t e d  shaf t  a x i s  and i t  can be ro ta ted  
r e l a t i v e  to  and about the t i l t e d  shaf t  a x i s  i n  order t o  change i t s  angle, and, 
w i t h  th i s ,  the stroke o f  the pistons. 

The swashplate angle va r ia t i on  af fected by i t s  ro ta t i on  about and re la -  
t i v e  t o  the engine shaft, i s  accomplished w i th  a r o t a r y  actuator.  This i s  a 
hydraul ic  vane motor comprising two d iamet r ica l l y  opposite vanes attached t o  
the shaf t  a,id two attached t o  the housing as shown i n  the cross-sect ion o f  the 
swashplate-power contro l  o f  Ae Base Engine [8], [9],(Figure 7 ) .  Thus, two 
pai rs ,  A and B, o f  d iamet r ica l l y  opposite chambers a r e  formed. Rotat ion o f  the 
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s t r o k e  conver ter  housing r e l a t i v e  t o  the  s h a f t  i s  a f f e c t e d  by p r e s s u r i z i n g  
one p a i r  and r e l i e v i n g  the other .  The r o t a t i o n  i s  t ransmi t ted  t o  t h e  swash- 
p l a t e  v i a  a bevel gear t o  which the ac tua to r  housing i s  attached. The supply 
and r e t u r n  l i n e s  t o  the  ac tua to r  a re  concen t r i c  tunnels i n  the s h a f t  connec- 
ted  t o  a so leno id  actuated p ropor t i ona l  va lve mounted ou ts ide  the  crankcase. 
F igure 8 shows a p r a c t i c a l  model o f  a v a r i a b l e  swashplate i n  two pos i t i ons .  

The torque appl ied by the  ac tua to r  t o  the  swashp 
t a i n  a c e r t a i n  angular p o s i t i o n  depends on whether i t  
p o s i t i o n  i n  the  p o s i t i v e  o r  i n  the  negat ive d i r e c t i o n  
a t i v e  d i r e c t i o n  requi res l e s s  torque since the engine 
case ac ts  t o  increase the swashplate angle. 

a t e  i n  o rde r  t o  main- 
was r o t a t e d  t o  such 

Ro ta t i on  i n  the neg- 
torque i t s e l  f i n  t h i s  

F igure 9 shows the ac tua to r  torque as a f u n c t i o n  o f  t he  swashplate an- 
gu la r  p o s i t i o n  r e l a t i v e  t o  the  s h a f t .  The curves l abe led  M+($)  and M-($)  
r e f e r  t o  t h a t  torque f o r  the p o s i t i v e  and negat ive d i r e c t i o n  o f  r o t a t i o n  
respec t i ve l y .  The t h i r d  curve, y(4) shows the corresponding swashplate angle. 
The curve M-($)  reverses i t s  s i g n  w i t h i n  i t s  range o f  d e f i n i t i o n .  The p o i n t  
o f  s i g n  reversa l  i s  an unstable c o n t r o l  p o i n t  t o  be avoided by narrowing the 
range o f  d e f i n i t i o n  t o  exclude it. I n  the case of the Base Engine, shown i n  
Figure 10, the angle CL i s  12.5" y i e l d i n g  maximum t h e o r e t i c a l  swashplate 
angle o f  Za = 25" corresponding t o  180" r o t a t i o n .  The maximum swashplate 
angle o f  i n t e r e s t  i s  o n l y  22", corresponding t o  a narrower range o f  d e f i n i -  
t i o n  (124") w l i h i n  which the torque M-($) does n o t  change s ign.  

Loss o f  hyd rau l i c  power w i l l  r e s u l t  i n  the  gas forces b r i n g i n g  the  
swashplate t o  a p o s i t i o n  perpendicu lar  t o  the main s h a f t  a x i s  reducing the 
p i s t o n  s t roke  t o  zero - an automat ic s a f e t y  feature.  

SEALS 

I n  a 4-cy l inder ,  double-act ing S t i r l i n g  engine there are tw:, types of  
dynamic seal s : 

o Dynamic seals as p i s t o n  r i n g s  t o  d i v i d e  the four  cycles from each 
other ,  and 

o Dynamic r e c i p r o c a t i n g  seals on the  p i s t o n  rods, i n  o rde r  t o  
con ta in  the h igh pressure working gas i n  the engine. These seals 
should a l so  prevent o i l  pene t ra t i on  i n t o  the c y l i n d e r s  from the 
1 ub r i ca ted  d r i v e .  

For the dry- running p i s t o n  r i ngs ,  a good s o l u t i o n  i s  found i n  us ing a 
r e i n f o r c e d  PTFE ma te r ia l .  

However, the d i f f e r e n t  types o f  r e c i p r o c a t i n g  seals  fo r  the p i s t o n  rods 
a re  s t i l l  n o t  r e l i a b l e .  P h i l i p s  developed the r o l l i n g  diaphragm seal ,  b u t  
t h i s  was shown, i n  the Ford-Phi l ips  engine, t o  be vu lnerable i n  non- 
l abo ra to ry  enJironments. 

c a t i n g  seals e n t i r e l y .  
STM was ab le  t o  avoid the  gas containment f u n c t i o n  of these r e c i p r o -  
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The new power con t ro l ,  w i t h  i t s  v a r i a b l e  swashplate, made i t  poss ib le  
t o  enclose the  r e l a t i v e l y  smal l  d r i v e  w i t h  a pressure h u l l  and t o  use a 
commercial ly a v a i l a b l e  r o t a t i n g  s h a f t  seal .  Prevent ing o i l  pene t ra t i on  i n t o  
the c y l i n d e r s  i s ,  i n  t h i s  case, much eas ier ,  and has a l ready  been thoroughly 
tes ted  i n  o t h e r  engines. 

SPECIAL FEAYclRES 

Amenabi l i ty  t o  dynamic balanc ing and the ease o f  s t a r t i n g  the  engine 
a re  two a d d i t i o n a l  features o f  t he  v a r i a b l e  swashplate d r i v e  and power con- 
t r o l  e laborated upcl* i n  t h i s  sect ion.  

DYNAKIC BALANCING i s  achieved by a d j u s t i n g  the swashplate moments o f  
i n e r t i a  t o  the  r e c i p r o c a t i n g  mass. This i s  done i n  a manner en fo rc ing  p e r f e c t  
dynamic balance a t  a c e r t a i n  swashplate angle w i t h i n  i t s  range o f  v a r i a t i o n .  
A t  d i f f e r e n t  angles unbalanced moments w i l l  appear, b u t  s ince  p e r f e c t  balance 
au tomat i ca l l y  occurs a t  zero angle, these w i l l  be very smal l .  

STARTING o f  t he  engine can be accomplished by hea t ing  up the expansion 
heat exchanger and the  regenerator  and then suddenly us ing  the c o n t r o l  pres- 
sure t o  increase the  swashplate angle. This w i l l  cause the  p i s tons  t o  move 
i n  t h e i r  normal way causing the engine t o  immediately develop s u f f i c i e n t  
power t o  perpetuate the motion. An accumulator f ed  by the  hyd rau l i c  pressure 
pump w i l l  be used f o r  t h a t  purpose. 

Obviously, such a s imple procedure may be used o n l y  f o r  such a p p l i c a t i o n s  
as s o l a r  conversion s ince no accessories are requ i red  f o r  t he  combusiton. I n  
o t h e r  cases o n l y  a very smal l  s t a r t e r  motor i s  requ i red  t o  power t h e  acces- 
so r ies  needed f o r  combustion, such as t h e  a i r  blower. When the  engine has 
reached i t s  c o r r e c t  temperature the  accumulator pressure may be used t o  
q u i c k l y  increase the  angle, having the engine se l  f - s t a r t  as mentioned above. 

DESCRIPTION OF THE ENGINE 

A l a y o u t  drawing o f  the Base Engine STM4-120RH i s  shown i n  F igure 10. 
This engine i s  d i s t i ngu ished  by two major features:  

o Var iab le swashplate d r i v e  and power c o n t r o l  contained 
i n  a pressur ized "crankcase" w i t h  a commercial ly a v a i l  
ab le r o t a t i n g  s h a f t  seal con ta in ing  the working f l u i d  
and making i t  poss ib le  t o  avo id  the r e c i p r o c a t i n g  r o d  
s e a l i n g  problem; and 

o Remote heating, f e a t u r i n g  heat-exchanger-stack 
c o n f i g u r a t i o n  and l i q u i d  metal heat p ipe heat 
t r a n s p o r t  sys tem. 
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The cross heads are long i n  order t o  reduce contact  forces and t o  rel ieve 

The dr ive  components are supported and located by two aluminum castings 

The crankcase pressure containment i s  formed by a commercially ava i lab le  

t h e i r  br idge sect ion f r o m  having t o  susta in  any appreciable bending moment. 

forming the major bu i l d ing  blocks o f  the engine (see Figure 11). 

r o t a t i n g  shaf t  seal placed i n  a seal-housing which a lso supports the t h r u s t  
bearing, and by a pressure h u l l  placed over the e n t i r e  crankcase and bo l ted  
t o  the aluminum casting. The pressure h u l l  serves no s t ruc tu ra l  funct ion 
other  than containing the crankcase pressure. 

The f r o n t  cast ing also incorporates the co ld  p a r t  o f  the thermodynamic 
section, namely, the cyl inders,  coolers, co ld  ducts and coolant passages. 
Four i den t i ca l  assemblies, one f o r  each cycle, form the hot  por t ion  of  the 
thermodynamic section, as described i n  the previous section. These are made o f  
the iron-based a l l o y  CRM-6D sized t o  endow the engine w i th  creep f a i l u r e  l i f e  
wel l  i n  excess o f  50,000 hours a t  f u l l  load. 

Table 1 summarizes some o f  the important features and parameters of  the 
Base Engine. 

PERFORMANCE 

A se t  o f  engine parameters governing the performance o f  the thermodyna- 
mic sect ion was selected f o r  the Base Engine through an extensive and pain- 
s tak ing e f f o r t  t o  t a i l o r  the engine performance t o  the design approach des- 
c r ibed above. 

This approach required a high leve l  o f  e f f i c i ency  t o  p reva i l  over a wide 
range o f  operat ing conditions, making the engine su i tab le  f o r  any duty cycle. 
Hundreds o f  d i f f e r e n t  combinations o f  engine parameters were simulated before 
the optimal se t  was selected and establ ished the design base o f  the engine. 

The r e s u l t  i s  shown i n  Figure 12 as two performance maps a t  mean cyc le 
pressure leve ls  o f  11 MPa and 6.3 MPa respect ively.  Figure l ?a  shovJs t h a t  
between the power leve ls  o f  8 kW and 40 kW the shaf t  e f f i c i e n c y  i s  between 
45% and 47% (excluding a u x i l i a r i e s  and c o l l e c t o r  e f f i c iency) .  Over a wide 
power range the e f f i c i e n c y  hardly hanges w i th  the engine speed. 

For appl icat ions requ i r ing  less power, a smaller charge o f  helium may 
be used w i th  very l i t t l e  e f f e c t  on the e f f i c i ency .  This i s  shown i n  Figure 
12b f o r  an engine charged t o  6.3 MPa t o  provide power output o f  no more than 
25 kW. This w i l l  g rea t ly  enhance t I ie  l i f e  o f  the engine. 

Major cont r ibut ions t o  the high e f f i c i e n c y  o f  the Base Engine are de- 
r i ved  from the heat-exchanger-stack conf igurat ion,  the var iab le stroke power 
contro l  and the design o f  the d r i v e  mechanism. 

The heat-exchanger-stack conf igurat ion adds more freedom t o  the s e t  o f  
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parameters governing the thermodynamic performance. These can be explo i ted t o  
f a c i l i t a t e  t a i l o r i n g  o f  the performance charac ter is t i cs  o f  the engine. 

The var iable-stroke power contro l  inherent ly  i n h i b i t s  degradation o f  the 
e f f i c i ency  a t  p a r t  load since power reduct ion i s  accomplished p a r t l y  through 
the add i t ion  o f  void vcilume or,  equivalent ly,  reduct ion o f  the pressure wave 
amp1 itude, which i s  benef ic ia l  t o  the ind icated e f f i c iency .  

y i l l u s t r a t e s  the Base Engine w i th  so la r  rece 
w i t h  a l i q u i d  o r  gaseous fue l  combustor. 

Figure 13 schemat 
s o l i d  fue l  combustion, 
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Figure 5 
Power c o n t r o l  system f o r  the Ford-Phi l ips  S t i r l i n g  en ine. The torque of  the engine i s  c o n t r o l l e d  

supplied t o  the engine. For l e s s  power smal l  hydrogen corn ressors (connected t o  the bottoms o f  
the p i s tons )  are pumping the gas ou t  01 the engine and bac% i n t o  tne storage b o t t l e .  

by the pressure o f  the working gas. F o r  more power, t a e woking gas from the  storage b o t t l e  i s  

n 

Figure 6 
Schematic o f  the va r iab le  swashplate mechanism, showing the p r i n c i p l e  o f  changing the angle o f  
the swashnlate, which i t  makes w i th  the sha f t  from 0 t o  2.r. The small  p l a t e  A i s  f i x e d  on the  
sha f t  S w i t h  an a n g l e d .  The engine swashplate (drawn here as a s o l i d  l i n e )  i s  perpendicular on 
the sha f t  S. This s i t u a t i o n , o r - a  ' 0 ,  means t h a t  the s t rokes o f  the p i s tons  are zero. When the  
engine suashplate B i s  turned 180. r e l a t i v e  t o  the smal l  p l a t e  A, the angle then becomes 
represented by the dot ted l i nes .  I n  t h i s  case the  s t rokes o f  the p is tons are maximal. By t u rn -  
i n g  B r e l a t i v e  t o  A between O b  and 180° any angle o f  the swashplate between 0 3nd 2 6( can be 
obtained, so the s t rokes o f  the i s t o n s  can be changed from zero t o  maximum. C i s  a hyd rau l i c  
vane mechanism, the housing o f  "Rich can t u r n  i n  one o r  the other  d i r e c t i o n  depending on uhich 
chambers are pressur ized and which are not. The o i l  i s  f e d  v i a  two channels i n  the  sha f t  S. The 
t u r n i n g  of  the housing i s  t r a n s s i t t e d  t o  the engine v i a  the bevel gears E and F. 
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f i g u r e  9 
R o t a r y  a c t u a t o r  t o r q u e  r e q u i r e m e n t s  M, means r e l a t i v e  r o t a t i o n  f o r  l a r g e r  s t r o k e  i n  t h e  same 
d i r e c t i o n  as t h e  r o t a t i o n  o f  the eng ine .  M- means r e l a t i v e  r o t a t i o n  f o r  l a r g e r  s t r o k e  i n  t h e  
o p p o s i t e  d i r e c t i o n  f rom t h e  r o t a t i o n  o f  t h e  eng ine .  

. 

a 

f i g u r e  10 

Layout  o f  t h e  Base Engine  (STM4-120RH) 
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Figure 12b 
Performance map o f  the  STH4-120AH with reduced leap. pressure (6.3 RPa) showing l i n e s  of constant 
e f f  iciency. a 
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Figure 13 
The Base Engine u i t h  D i f f e r e n t  Heat Sources 
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Jet Propulsion Laboratory 
Pesedena, Ca 91109 

Poor p8pcm ueme peeseated in the Testing and Inst~atation session: 
1) 8pCrei.l Pycbeliareter Shroud Deoelop.reet, 2) Rapid Test Bed 
COaMakrator Aligmmnt Techniques, 3) QDC-1 Sun Position calculation, and 
4) Reeeat $ 0 1 ~  Plers-ts Results. 
Baw. 

Bach paper is described briefly 

Tbe papar on "Special Pycfmliareter Shroud Dewed-nt". presented by 
De. Rduin Deaaisoa, member of the Technical Staff at apt. conclodes that 
it is ptsrible to build an insolation measurement systamwhich is 
Psogortieaal to the thermal m r  at the focal plane for dishes that is 
accurate ower a wide range of sky conditions. 

The p8per on m i d  Test Bed Concentrator Aliglieeet Techniques'. 
preseoted by 5urice Argot& Member of the Technical Staff at JPL. details 
a method of alibni- the 220 eirror facets on a Test Bed Concentrator in 
oae or bm nights, instead of one to two weeks. 

Tbe paper on 'PDC-1 Sun Position Calculation". presented by Dr. John 
Stallkamp, LIerber of the Technical Staff at JPL, presents the several 
caaputational approaches to prowiding the local azimuth and elevation 
q l e s  of tbe sun as a function of local time and then the utilieation of 
the most appropriate method in the PDC-1 microprocessor. 

The paper on "Recent Solar M e a s u m n t s  Results". presented by Darrell 
Ross, Task lSanwer for Test and Ewaluation at the PDTS. describes the 
effects of the E1 Chichon wolcanic eruption in Mexico in 1982 on the 
insolation lewels at the PDTS. ? 1 I 
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Special Pyrheliometer Shroud Development 

E. Dellatson 
Jet Propulsion Laboratory 

Cal i fornia  I n s t i t u t e  of Technology 
Pasadena, Cal i fornia  91 109 

E84 2 8 2 5 5  .i 

Introduction The need f o r  simple methods to compensate fo r  clrcuomolar 
radiat ion became very Important during the  spring of 1982 then large 
amounts of dust appeared i n  the upper t e r r e s t r i a l  atomsphere ild a resu l t  
of a 9olcanlc eruption i n  Mexico. 
calorimeter measurements a t  the  JPL Parabolic Msh S i t e  (PUPS) a t  the 
Edwards T e s t  S ta t ion  were Umited t o  times whea the insolat ion was 
greater than 950 W/sq.M, Le., times when the  n t  of circumolar 
radiat ion was negligible. This l i d t a t i o n  was u s 4  because of the  
inconsieteat  data which was found at low clevatiori angles and on days 
of Ugh circumsolar radiation. 

R io r  t o  t h i s  time def in i t ive  

After the  appearance of the  volcanic dust the  maximum i n e o k t i o n  was  
less than 900 W/sq.M and the amount of circumsolar radiat ion was 
signif icant .  
presence of high t h in  cirrus clouds which added s igni f icant  e r r o r s  to  
the  calorimeter measurements. 
c lear ly  shown i n  Figure 1. 
the iamge of the  sun is covered by the  calorimeter and the  br ight  halo 
around the  calorimeter is the circumeolar radiation. 

In  addition, there  was a very subs tan t ia l  increase i n  the  

The presence of circumeolar radiat ion is 
I n  t h i s  photograph of the PDC-1 concentrator 

Insolat ion measurements are used t o  analyze atmospheric conditions, 
evaluate poten t ia l  thermal power sites, and t o  d e t e d n e  the  amount of 
input power to a power conversion uni t ,  For the  latter, the  insolat ion 
measurements are used as an interpolat ion parameter between calorimeter 
measurements. 

To Insure that the Insolat ion values accurately represent the input 
power to a power conversion un i t  it is important t ha t  the Field Of View 
(FOV) of the  concentrator aperture and the  insolat ion radicnneter are 

*The work described in t h i s  paper was carr ied out o r  coordfnated by the  
Jet Propulsion Laboratory, Cal i fornia  I n s t i t u t e  of Technology, and was 
sponsored by the  US. Department of Energy through an agreement n i t h  
the National Aeronautics and Space Administration. 
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the erne. pha word 'radiometer" all be used to  refer to both radiometere 
and pyrheS.bmeters. 
hmm the same eperture, the radiometer can be wed to normalize a l l  
pop#y IIzMBurBQBats to a standard insolatfoa d u e  x (IO00 W/sq.M for the 
JPL data). 

If the doriwter and the power conPersion unit 

This report covers the calculations, iapleaentation, and results of the 
JBL use of this approach. 
irreolation: an Eppley BIorml fnddence Radiometer (NIP) and top0 versions 
of the cavity radiometer developed by J. M. Kendall, Sr. at JPL. 
of the Rendall r a d l m t e r s  was of the Mark VI windowless design used 
for calibration of radioaeters and the other was the Mark 111 quartz 
window desSgn u d  for routine f ie ld  ~masutements. 
liait the POTT of the radiometers were designed t o  simulate the FoIt of 
the PIE-1 concentrator with the Cold Water Capity Calorimeter (Pigate 2). 

Three iaetrumente were used to M u r e  the 

One 

The shrouds used t o  

Field of V i e w  Calculations The quantitative description of the FOV of 
a coneeatrator or radi-ter w i l l  be referred to  as the Angular Acceptance 
Function (AAF). TIE A M  is the fraction of the radiation coming from a 
point 8omce at an infinite distance as a function of the angular 
distance of tbe point so\pce from the optic axis of the concentrator or 
radiometer. The A# does not depend on the augular size of sun but 
only on the geometric paraaaeters of the concentrator or radiometer. 
The AAF w i l l  be 1.0 for a source on the optic axis aad w i l l  decrease 
continuously from an inner l i d t iog  angle to zero at the outer limiting 
aqgle. The fora of a concentrator AAF is different from the AAF of a 
radiometer becauee of the respective optical  geometries. 
the radiometer AAF cannot be matched exactly to  the concentrator AAP, 
but the differences between these functions can be made acceptably small. 

As a resul t ,  

Concentrator AAF One practical mthod fo r  calculating t h e  AAF of a 
solar concentrator was developed by Prof. G. F. Trentelman of Northern 
Michigan University ueing vector analysis. 
practice it is convenient to represent the AAF as a function of the 
ratio of the tangent of the source angle divided by the tangent of the 
receiwer radius angle (receiver radius divided by the concentrator focal 
leqgth). This parameter w i l l  be referred t o  as the  "radius uumber." 
In t h i s  form the AAF changes substantially with the  concentrator f-number 
(focal length divided by diameter) and ineignificantly with receiver 
aperture. When the AAP is expressed i n  terms of these dimensionless 
parameters i t  can be easily applied to  any paraboloidal concentrator 
with any receiwer aperture (Figure 3). 
i n  the AAP but i n  most cases these effects  appear t o  be small. 

It has been fcund t h a t  i n  

Slope errors cause some change 

Radiometer AAF The AAF of a radiometer can be calculated direct ly  from 
the aperture and detector radi i ,  the aperture/detector separation, and 
the angular distance of the point source from the optic axis. 
calculation is based on the assumption that the detector aperture is 
uniformly sensitive. 

This 

With the r a t i o  of the front aperture to  the 

216 

I 

i 

! 

I 

b 

! 

I 



, .  . .. 

. .  
i 

? 

. .  

-' L 

" I  

.. 

. .  

4 

detector aperture and the tangent of the receiver aperture times the 
aperture/detector separation as free paremeters the radiometer AM can 
be calculated as a function of the  radius number. 

Hatching Radiometer AN to Concentrator AAF One practical  method f o r  
findfag t he  radioamter parameters which make the  radiometer AAF f i t  the  
concentrator AAF is t o  use an interactive computer program. 
choice of parameters it is possible to  make the radiometer AAF rapidly 
converge on the concentrator AAF. 
determined from a f i n i t e  number of rays, it can be f i t t e d  t o  a polynomial 
to giwe a smooth representation of the data. 
s igni f icant ly  change the radiometer parameters . 

By a careful 

Because the concentrator AAF is 

In practice this does not 

Experimental Results 
l imiting shroud on an insolation radiometer, a series of colorimeter 
measurements were made using the PDC-1 concentrator and the shrouded 
radiometers. 
concentrator. The other radioneters were of the Kendall type and were 
attached t o  an equatorial m n t  w&th a clock drive. 
alQpnent Images were checked frequently during the  measurement period 
to insure that no erroneous data resulted from tracking errors. 

To verify the expected advantaes  of using a FOV 

One of the  radiometer6 was an lppley RIP mounted on the  

The boresight 

The thermal poarer measured by the  calorimeter and the insolation measured 
by the radiometers was plotted f o r  each measurement period. 
va l id i ty  of t h i s  technique, the calorlareter values were divided by 
each of the r ad ime te r  values and the  results were also plotted. 
ratios gave the net power output of the  concentrator normalized to 
1000 W/sq.M under sky conditions which varied from l i g h t  haze t o  t h i n  
c i r rus  clouds. No completely clear days occurred during t h e  time these 
t e s t e  were made. There is no reason t o  believe that the normalized 
power values would d i f f e r  from these values for completely clear ekies. 
During the  passage of the  c i r rus  clouds the normalized power values 
showed a substantial  variati-n over shor t  periods of time as a re su l t  of 
long time constant of the calorimeter r e l a t ive  t o  the time constants of 
the radiometers. 

To test the  

These 

Figures  4a and 5e show the  radinmiter data p lo ts  for two di f fe ren t  days 
and Figures 4b and 5b show the  corresponding p lo ts  of the  d i r ec t  and 
normalized power measurements. 
power I s  re la t ive ly  constant under a wide range of sky conditions. 
value of the normalized power i n  t h i s  f igure  was too high because of a 
fault-  flow meter. 
value:, shown i n  Figure 4b more accurately represent the performance of 
the PDZ-1 concentrator. 

Figure 5b demonstrates tha t  the  normalized 
The 

This problem was corrected and the  normalized power 

The insolation values measured with these modified radiometers were 
lower than the values which would have been obtained with standard 
radiometers. 
the relationship between the radiometers and the net power throughput 

However, the  purpose of these measurements was t o  determine 
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of the concentrator with a specific aperture. This calibration would 
hawe been used to deterdue the operatiryr efficiency of the power conversion 
unit  which was to have been used with th i s  Concentrator. 

I 

During tbis limited test program it was not poasible to make a direct  
comparison between these shrouded rradiometers a d  standard radiometers. 
BoarePer, this test program did deaonstrate t h a t  the nolrraalised power 
output of the PIE-I concentrator was constant under a wide range of sky 
conditions. 

Rectmmendatione Because this program t o  evaluate the  effectiveness of 
approach to  insolation measurements was liedted, i t  is recammended that 
these experinents be repeated with other concentrators and radiometers. 
These tests should be made with a wide range of sky conditions and 
so lar  elevation angles uslug both a standard and a shrouded NIP. b e  
data would be very usefu l  fo r  determining the accuracy of existing NIP 
records. Finally, it is recaapmemied that future site surveys be made 
with both standard and FOV limited SIP instruments to insure that 
proposed solar power systems are suitable for  the proposed sites. 
is most important when the proposed site has a substantial LLumber of 
days toith strong ham3 or thin clouds. 

This 

canclueioas This technique of matching the  POV of an insolatfoa 
radlmeter to the POV of a specific concentrator and receiver aperture 
appears to be both practical  and effective. 
efficiency of a power conwersion unit  w i l l  be too low i f  t h e  insolation 
is measured with a radiometer which has a FOV which is larger than the 
FOV of the  concentrator. 

It would appear that the 

\ Author's Note An expanded version of th i s  report with the AAF algori thm 
w i l l  be published at  a later date. 
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Figure  4a 

P D C I :  CWCC 100% M I R R .  

TEST RUN: CWO192 1 IC- 'lJL-83 

1. EPPLET DIsh TIME INTERVRL BfTWEEN SCANS: 30 SEC. 

2. KENDFlLL N I P  
H/MZ CHNL NU. 203 

3.  KENDFlLL STD 
H/M2 CHNL NU. 215 

0 
0 

0 ru I I I I I I 1 I .- . L, 
b tEFiCH MRRK IS 10 MIN. FlPFlRTl I '  

09: Y O ;  2 2  11 :  1 6 ; 5 2  
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Figure 4b 

k l C l :  CWCC 100% MIRR. 
TEST RUN: CW0192 111-. l l  

1. 8, 
KWA 

2. ce 
KWFI 

3. cc 
KWA 

L EC 
KWR 

- -  09 :Y0:22  

3RECTO ENEIIGT' TIME INrERVFlL BETNEEN SCRNS! 

rS CHNL NO. $02 
NUMGER OF SCFINSi 194 

3. ENRGY 2031 
rs CHNL NO. i03 

3. ENRGY (2151 
rs CHNL NO. t iOU 

OUTPUT FIC'-UQL 
rs CHNL NO. 501 

. .  

I I 1 I I I I 
(EFICH MFlRK IS 10 MIN. FIPRRTI 
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Figure 5a 

PDCl: CWCC 100% MIRE. 

TEST RUN: CW(3178 22-FEB-83 

I I I I I I I - 
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1. EPPLEY D I S h  
W/H2 CHNL NO. 2011 

3. KENDQLL STD 
N/H2 CHNL NO. 215 

TIME INTERVRL BETWEEN SCRNSI 30 SEC 

NUMBER OF SCRNSI 6U2 

2. KENDRLL N I P  
N/H2 CHNL NO. 203 
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Figure 5b 
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S.z-Fs L;-d? 1 ;  
POCl: CWCC 1GOX M I R R .  FLClld CH. 213 

TEST RUN: C1M178 
1; 

1: 
TIME INldWFIL BETWEEIU SCRNS: 50 XC!' 

1 
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4. i 
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W I D  TEST BED CONCENTRATOR (TBC) ALICXMENT TECiiNlQUES 

Maurice .J. Argoud 

Je t  P r o p u l s i o n  l a b o r a t o r y  
Pasadena ,  Ca 1 i f  orn ia  

A new, l a b o r  and c o s t  s a v i n g  method was d e v e l o p e d  t o  e l i m i n a t e  &tie pro- 
c e d u r e  o f  c o v e r i n g  a l l  (230) mirrors and u n c o v e r i n g  them one-by-one in s c q u e n c e  
to a d j u s t  e a c h  t o  t h e  f o c a l  p l a n e .  T h i s  l a tes t  method b e i n g  u s e d  t o  a l i g n  
mirrors of a p a r a b o l i c  so l a r  c o n c e n t r a t o r  u t i l i z e s  a computer -der ived  t a r g e t  
of  d i s c r e e t  images made up of i n d i v i d u a l  mirror r e f l e c c i o n s  on a p l a n e  i r ?  f r o n t  
of t h e  i n t e n d e d ,  n o m i n a l ,  f o c a l  p o i n t .  I n c o r p o r a t i n g  t h i s  compute r  t e c h n i q u e  
i n c r e a s e s  a c c u r a c y  and g i v e s  p o t e n t i a l  t o  d e v e l o p  f l u x  d i s t r i t u c i o n s  r e q u i r e d  
by d i f f e r e n t  r e c e i v e r  d e s i g n s .  

e 
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Abstract: 

' R84 2 8 2 5 1  1 .  . 

Implementation of the Sun Position Calculation 
in the PDC-1 Control Microprocessor 

John A. Stallkamp 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 91109 

The major portion of this paper presents the several computational 
approaches to providing the local azimuth and elevation angles of the sun as 
a function of local time and then the utilization of the most appropriate 
method in the PDC-1 microprocessor. The full algorithm, in FORTRAN form, 
is felt to be very useful in any kind or size of computer. 
the PDC-1 unit to generate efficient code for the microprocessor with its 
floating point arithmetic chip. The balance of the presentation consists 
of a brief discussion of the tracking requirements for PDC-1, the planetary 
motion equations from the first to the final version, and the local 
azhu th-e leva t ion geometry . 

It was used in 

Introduction, Result, Nomenclature: 

THE PDC-1 (Parabolic Dish Concentrator-1) is the first of a planned 
sequence of concentrators for dish-electric applications. It was designed 
by General Electric and uses injection molding techniques with plastic 
reflecting surfaces. The reflecting structure is a load bearing, integral 
part of the structure. A start-stop, on-off, control system is used to 
drive the elevation over azimuth configuration. 
fabricated and errected at Edwards Test Station (ETS) by Ford Aerospace and 
Communications Corp. (FACC). 

The PDC-1 unit was 

The body of this paper is a mathematical derivation that will be given 
in a line item format. A minimum of comment and connective verse is used; 
some of the material and comment from the oral presentation is omitted as 
not necessary or rearranged for better continuity here. 

The abstract adequately says what was done and why. The end result 
is the FORTRAN code and is the ultimate, almost stand alone, useful output 
of this presentation. Ordinary mathematical and computer language is 
freely used and this should not cause difficulties. 
a standardized or consistent nomenclature or notation for this field as is 
admitted by no less than the "Explanatory Supplement for the Ephemeris" in 
Section 1G. 

There is no hope for 

! 

227 



, ,. . 
+j 

2 

! 
t 

Derivation and Discussion: 

1. Requirement: Provide local azimuth and elevation angles of the 
sun . 

2. Input: Local latitude, longitude and dateltime. Dateltime is 
the elapsed time from a recent epoch, vie., January 0, 19xx at  0 hours UT 
(Universal Time). The year is selectable; the required data are given in 
the Astronomical Almanac. 

3. Accuracy: 0.01 degree. 

4. Initial Approach: Paper by Robert Walraven (1). Paper was 
followed by corrections in subsequent issue (2). 

5. Microprocessor for PDC-1 Concentrator: Advanced h k r o  Devices 
Model Am 95/4006 with an Am 9511 APU (Arithmatic Processing Unit). 
ephemeris calculation was to be done at each concentrator in floating point, 
32 bit, arithmetic and converted to fixed point integer units, 4096 counts 
per 90 degrees, for use in the control algorithm. 

The 

6. Am 9511 APU: 

Fixed-Floating point capability: Discussed in Item 5 above. 

Stack I/O Operation: Tedious to code but thoroughly adequate. 

All direct and inverse trigonometric available: Inverse 
functionP slow, 5000 to 8000 cycles, compared with less 
than 200 for multiplication. 

Error return available for bad operation request, e.g., divide 
Not used in initial code but should have been. by zero: 

Not needed in final version. 

7. Decision Point: When delivered to JPL, at a minimum the 
microprocessor code needed to be modified because of lack of complete 
selection of quadrant for an Arctan operation and potential divisions by 
zero. 
than needed; several computational simplifications, combinations and 
omission of some small correction terms should be accomplishable. 
planetary motion equations resulting from the new analysis were identical 
with those given in recent issues of the Astronomical Almanac. 

Walraven's equations as finally given seemed t o  be more complicared 

The 
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8. Final Planetary Motion Equations from The Astronomical Alamanac: 

. .. 
L 

GMST = Greenwich mean siderial time 

from page B6: 
UT, GMST 6.6383211 hours + 0.0657098235 d + 1.0073791 t" 

"... holds during 1981: on days of year d at t hours 

From page C20: "SUN, 1981" 

"d = ... day of year ... + fraction of day from 0 hours UT" 
'wean longitude of Sun ... L 
"Mean anomaly: g 356.967 deg + 0.985600 d" 
"Ecliptic longitude: 

... coordinates of the sun to a precision of 0.01 deg" I# 

279.575 deg + 0.985647 d" 

= L deg + 1.916 sin g + 0.020 sin 2g8' 

The epoA numbers, 6.6383211 hours, 279.575 and 356.967 deg are for January 
0, 1981 at 0 hours UT. 
ch-nge to a different epoch. 

These are the three nu&ers that are updated to 
All other numerical values are constant. 

9. Ecliptic to Equatorial Coordinates: 

RA = Right Ascension equatorial longitude 
DBC = Declination * equatorial latitude 

€ = Obliquity of the Ecliptic 
= 23.442 deg (1981) = 23.443 deg (1974) 

The constants COS€ and sin IE are available and may be updated (need is 
questionable) from page C20 of the AA. 

sin DEC = sin IE * sin A 
tan RA = cos * tan A 

Local Hour Angle = Greenwich Mean Sidereal Time - West Longitude - Right 
Ascension 

NLHA - - NLA = Negative Local Hour Angle 
= RA - GMST + West Longitude 
= RA - LMST (Local Mean Sidereal Time) 

Before looking at these equations, consider how the results are to be used 
in the final calculation of local azimuth and elevation. 

10. Spherical Triangle Equations: See Figure 1. 

When all the complementary angles are removed, the law 06 cosines gives the 
elevation angle, and then the law of sines gives the azimuth angle. 

sin ELV [sin LAT] * [sin DEC] 
+ [cos LAT] * [cos DEC * cos NLHA] 

sin AZM = [cos DEC * sin NLHA] [cos ELV] 
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11. Quadrant Selection: 

-90. I ELV +90. From sign of s i n  ELV equation 

0. ,< Aw 5 360. Two s t eps  required. 
i 

IF(SIN(NLHA).GT.ZERO) 0. < AZM c 180. 
IF(SIN(LAT) * SIN(ELV).LT.SIN(DEC)) 90. C .1zM < 270. (Walraven's paper) 

12. Bracketed Quantit ies i n  I t e m  10: 

Numerical values of the  terms i n  [ ] are required tor the  cosputa- 
t ions.  The terms s i n  LAT and cos LAT are loca l  constants. The angular 
measure of DEC and NLHA are not requited nor is the  numerical value of 
cos DEC i f  t he  bracketed numerical forms can be obtained otherwise. 

13. Ohtaining the  Variable Input Terms of the  Spherical  Triangle 
Equations of ltem 10 from the Equations of I t e m  9: 

[ s i n  DES] = s i n  4 * s i n  A is obtained d i r ec t ly .  

The 0th-r bracketied var iab le  terms i n  the equations of I t e m  10 are obtained 
from: 

NLH. = RA - LMST 
tan  RA = cos E: * t r -  A 
RA and must be i n  the same quadrant 

from which 

. .  s i n  RA = (cos 6 * s inX )/DENOM 
cos RA = cosA/DENOM 

DENOM = + SQRT   COS*^ * sin*A + COSW 

14. Some Available Computational Approaches f o r  RA Leading t o  the 
Bracketted Terms: 

I 

School Boy: Do inverse tangent d i r e c t l y ,  
Select  quadrant, 
Continue , 

L Delta Angle: L e t  RA = A + A, 
Solve fo r  A: 
Cont inus,  

(Expect automatic quadrant se lec t ion)  

c 

Trigonometric Sum Ident i ty:  NLHA RA - LMST 
s i n  NLHA s i n  RA * cos LMST 

-cos RA * s i n  LMST 
(Expect avoidance of a rc - t r ig  operat  ion and other 
s impl i f ica t ions  ) 

-e- ,.+ 
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15. School Boy Examples: i 
Large Computer : i 

SINRA = O S ( € )  * SIN(A) 
OSRA = cos (A) 

RA = ATAN2(SINRA, COSRA) 
NHWI a RA - LMST 

i 

The ATAN2 double argument input subroutine does the entire job and is not 
bothered by COSRA 0. 

Small Computer: 

SINRA and COSRA as above 
RA = ATAN(SINRA/COSRA) 
RA = ATAN(COS(€) * TAN(X)) or 

Now must protect from COSRA 
quadrant select ion. 

0 or large TAN(A) and also must complete 

16. Delta Angle: With RA f A + A expand sin RA and cos RA equations 
of Item 13. 

sin A = -sin A * cos A * (1-COS d )/DENOM 
cos A = C O S ~ A  * (1 - tan2A * COS A )/DENOM 

tan A -tan A * (1-cos€ 1 /(I + tan2A * cos E 1 

This actually has excellent computational properties: A is small, sign 
(quadrant) is automatically selected, and, when tan A is larger than the 
available computational range, set A to its obvious value of zero and skip 
ahead. 

! 

17. The Denominator: Expand DENOM of Item 13 and substitute for 
sin€* sin A sin DEC. 

DE NOM^ = cos2e * sin2X + C O S ~ A  

cos2E * (sin2 A *  sin2e) /sin2€ + 1 -(sinZA * sin2r) sin2r 
1 - sin2DEC * (1 - cos2€) 
1 - sin2DEC = COS~DEC 

I 
sin2€ I 

L 

DENOM = + cos DEC 

DENOM was defined as a positive quantity and the plus sign is appropriate 
since the absolute value of DEC is less thaq or equal to E = 22.4 deg. 

b 
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18. The Trigonometric Sun Identity: This can now be used to obtain 
the remaining 'Jracketted terms in a direct manner. We now have: 4 

sin RA = (cos € * sinX) cos DEC 
cos RA cosX/cos DEC I 
cos DEC * cos RA = cos E * sinX 
cos DEC * sin RA = COSX 

[COS DEC * COS NLHA] COS DEC * COS (RA - LMST) 
cos A * cos LMST + cos € * sin X * sin LMST 

[cos DEC * sin NLHA] = cos DEC * sin (RA - LMST) 
cos E * sin A * cos LMST - cos * sin LMST 

19. PDC-1 Implementation: The trig sum expansions of Item 18 are 
used. 

Do not need angular measure of RA or DEC or numerical measure of COP 
DEC . 

Only arc-trig functions are at end for obtaining angular measure of 
elevation and azimuth. Quadrant selection discussed in Item 11. 

Minimum number of direct trig operations, sin g , sin 2g , sin , 
cos A , sin LMST and cos LMST. 

No division by zero (no division in main part of program) or other 
dangerous steps requiring protection except again at end for obtaining the 
azimuth angle itself. 
are done; these would be specific to each computer. 

In the PDC-1 microprocessor the few protective steps 

Large sections of the original Am 9511 floating point code went 
away. 
concise and easy to follow. 

The FORTRAN code given in Table 1 is thought to be remarkably short, 

20. FORTRAN Code: 

Table 1 is schematic FORTRAN code. The line "TIME d' is the start of 
the formal calculations; this code is full FORTRAN and is directly useable 
when statement numbers are supplied for the several GOT0 commands. 
lines preceeding the "TIME do line provide for input constants and 
parameters; some of these lines will need to be modified to suit the 
particular computer being used. 
supplied from other subroutines; suitable common statements for these and 
the AZM and OLV iriltput angles must be supplied or other Input/Output 

The 

The quantities DN and TM are assumed to be 

provisions made. 
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(r 
DN 
TM 
PI = 3.14159 
RAD = PIlL80. 
GMSTO = 6.622408 
MA0 = 356.711 
SEMLO = 279.336 
COSEPS = 0.91747 
SINEPS = 0.39781 
ECCl = 1.916 
ECC2 = 0.020 
RATE = 0.985647 
RATM = 0.985600 
TZ = 8. 
LAT = 34.992 
LON = 117.873 

t 
DAY NUMBER SINCE EPOCH 
LOCAL STANDARD TIME, HOURS 

EPOCH GREENWICH SIDEREAL TIME 
EPOCH MEAN ANOMALY 
EPOCH SUN ECLIPTIC MEAN LONGITUDE 
EPS=ORLIQUITY OF ECLIPTIC 

= 22.4XX DEG 
ELI; TIC ORBIT CORRECTION 

PARAMETERS 
SIDEREAL RATE 
MEAN ANOMALY RATE 
TIME ZONE (PACIFIC HERE) 
LOCAL LATITUDE DEGREES (ETS HERE) 
LOCAL LONGITUDE DEGREES (ETS HERE) 

SINLAT = SIN(LAT * RAD) : SUPPLIED OR CALCULATED 
COSLAT = COS(LAT * RAD) : SUPPLIED OR CALCULATED 
TIME = DN + (TM + TZ) / 24. :ELAPSED TIME IN DAYS 
DELTA = RATE * TIME :ELAPSED SIDEREAL ANGLE 
MAR = RAD * (MA0 + RATM * TIME) 
SELD = SEMLO + DELTA + ECCl*SIN(MAR) + ECCZ*SIN!E.*MAR) 
SINRA = SfN(SELD * RAD) 

:MEAN ANOMALY 

:=SIN(SUN ECLIPTIC LON) 
SINDEC - SINRA * SINEPS : =SIN( DEC 1 
SINRA = SINRA * COSEPS :=SIN(RA) * COS(DEC) 
COSRA COS( SELD * RAD) :=COS(RA) * COS(DEC) 
GMSTD = 15. * (GMSTO + TM + TZ) + DELTA :IN DEG 
LMSTR RAD * (GMSTD -LON) :=NLHA = NEGATIVE LOCAL 
SINLMS = SIN(LMSTR) : HOUR ANGLE IN RADIANS 

SINELV = SINLAT+SINDEC+COSLAT(COSRA*COSLMS+SINRA*SINLMS) 
COSELV ( 1 .-SINELV**2. :=COS SQUARED HERE 
IF(COSELV.LT.0) GOTO (END) :ERROR, ABANDON CALCULATION 
COSELV = SQRT(C0SELV) 
ELV = ASIN(S1NELV) / RAD :=ELEVATION IN DEGREES 
IF(COSELV.EQ.0) GOTO (END) :FINISHED, AZM NOT DEFINED 
SINAZM (SINRA*COSLMS-COSRA*SINLMS) / COSELV 
COSAZM = ( 1 .-SINAZMJnk2. 
IF(COSAZM.LT.0) GOTO (END) :ERROR, ABANDON CALCULATION 
AZMR = ASIN( SINAZM) :=AZIMUTH IN RADIANS 
QUAD = SINLAPSINELV-SINDEC :QUADRANT SELECTION 
IF(QUAD.LT.0) GOTO ( + 3 )  :TO LINE IF(AZMR.GT.0) 
AZMR = PI -AZMR 
GOTO ( + 3 )  :TO LINE AZM = AZMR / RAD 
IF(AZMR.GT.0) GOTO (+2) :TO LINE AZM = AZMR / RAD 
AZMR = AZMR + 2. * PI 
AZM = AZMR / RAD :=AZIMUTH IN DEGREES 
END 

COSLMS = cos(LMsTR) 

:NOW IS COS(ELV) 

:=COS SQUARED HERE 

TABLE 1. SCHEMATIC FORTRAN 
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After  t he  Mexican volcanic eruptions of March 28, A p r i l  3 and 4, 1982, 
the  quest ion of its e f f e c t  on in so la t ion  l e v e l s  a t  the  PdrabOliC Dish 
T e s t  S i t e  (PDTS) na tu ra l ly  arose. It w a s  decided t o  look a t  t h i s  
question I n  threr. s teps :  F i r s t  t o  determine the  impact, i f  an:, on 
t o t a l  d i r ec t  normal energy (by month) a t  the  PDTS f o r  t he  s u e r  or 
1982 as cmpar  t o  t h e  summer of 1981 ( a f t e r  and before the  explosion 
respectively).  Secondly, we would look a t  the  e f f ec t  09 peak i ? so la t i cn  
leve ls  for the  same period of time. The r e s u l t s  of t he  f i r s t  s.ep were 
the  following: A drop of 20%, 9% and 18% i n  t o t a l  d i r ec t  ro-1 energy 
€or the  months of June, Ju ly  and August 1982 respect ively . compared 
to the  same months i n  1981 was experienced. For the  s i - . .  s t e p  we 
found a decrease of 4.0%, 5.8% and 7.73 i n  peak d i rnc t  normal in so la t ion  
leve ls  for t he  months of June, Ju ly  and Augu t  1982 respect ively,  9s 
cotlpared to  the  same months i n  1981 (where t h e  Deak l e v e l s  f o r  each 
month wcre detexmfncd by averaging tt.- top 3 days f o r  each month). 
"be most s t r i k i n g  d i f fe rence  noted between the  s u e r  ,f 1981 and 1932 
w a s  the  following: There w e r e  29 days i n  June, Ju ly  and August of 
1981 wheie the  in so la t ion  l eve l  exceeded 1,000 W/m2. For t he  same 
period i n  1982 there  were no days t h a t  w e r e  in excess of 1,000 W/m2. 
The t h i r d  a r d  f i n a l  s t e p  w a s  t o  compare the  r e s u l t s  of t h e  summer of 
1983 ( a  year  after the  explosion) with th, summer of 1982. The r e s u l t s  
show only onc day in excess of 1,COO W/mL during the  suanner of 1983 
(this WCE i c  Ju ly  lad>, a h ia tus  of t h i r t e e n  months s ince  the  last 
one). C lea r ly ,  t h e  answer t o  the  o r ig ina l  question is t ha t  t h e  Mevican 
volcanic explosion had a s ign i f i can t  Impact on inso la t ion  l e v e l s  a t  
t he  PWS and, furthermore, i t  has been q u i t e  long l as t ing .  The da ta  
would csem t o  suggest t h a t  t h e  volct ' l ic explosion had l i t t l e  e f f e c t  or 
P E S  inso la t ion  u n t i l  t h e  f i r s t  of June 1982. 

'The work described i n  t h i s  paper was car r ied  out or coordinated by the  
Jet Pronuision rvaboratory. Ca1:forrlia I n s t i t u t e  of Technology, and was 
smt~qo-:ed by t!.e U. S. Departm-tt of Ener, p through an agte ment with 
t h e  National Aermautics  ahid Space Administration. 
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The Pa rabo l i c  Dish T e s t  S i t e  (PDTS) was e s t a b l i s h e d  i n  1978 f o r  t h e  
Department of Energy by t h e  Jet Propuls ion Laboratory (JPL), an 
ope ra t ing  Divis ion of Caltech.  It  was e s t a b l i s h e d  f o r  t h e  purpose of 
t e s t i n g  and e v a l u a t i n g  p a r a b o l i c  d i s h e s  a t  t h e  component, subsystem 
and system (or module) l e v e l .  The PDTS is located on Edwards Tes t  
S t a t i o n  (A JPL f a c i l i t y ) ,  which i n  t u r n  is l oca t ed  on Edwards A i r  
Force Base. The test si te is s i t u a t e d  approximately a hundred miles 
no r th  of Los Angeles. F igu re  1 shows two  i d e n t i c a l  Tes t  Bed concen- 
trators, 11 meters i n  diameter (on t h e  right) and a s i n g l e  12  meter 
diameter concen t r a to r  (on t h e  l e f t )  designated Parabo c Dish concen- 
t r a t o r  Numbez One. 

Since t h e  E l  Chichon wl l an ic  e rup t ion  i n  Mexico on March 28,  A p r i l  3, 
and 4. 1982, t h e r e  have been r e p o r t s  from va r ious  s o l a r  s i tes  i n  t le 

United S t a t e s  of i t s  e f f e c t .  I t  w a s  decided t o  determine t h e  e f f e c t  
(ff any) of t h e s e  e r u p t i o n s  on i n s o l a t i o n  l e v e l s  a t  t h e  PDTS. Having 
t h i s  d a t a  would then  enable  a comparison to  be made of v o l c a n i c  e f f e c t s  
a t  solar sites throughout t h e  United S t a t e s .  

Tho approach employed t o  make t h i s  comparison w a s  t o  compare t h e  d i r e c t  
normal energy a t  t h e  PWS f o r  t h e  summers of 1981, 1982 and 1983, o r  
i n  o t h e r  words comppre data f o r  a yea r  before  t h e  explosion,  t h e  summer 
s h o r t l y  a f t e r  t h e  exo los5~1 i  and a year  a f t e r  t h e  explosion. Secondly, 
determine t h e  e f f e c t  cn peak i n s o l a t i o n  l e v e l s  f o r  the same period of 
time. 
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Direct Normal Energy 

The d i r e c t  normal energy l e v e l s  fCr t h e  summers of 1981, 1982 and 1983 
were compiled and are as shown i n  Table 1 below: 

:s 

TABLE 1 

COMPARISON OF DIRECT NORMAL ENERGY AT 
ETS FOR THE SUMMERS OF 1981, 1982 and 1983 

1981 1982 1983 
kW-HR/SO-METER/DAY kW-HR /SO-HETER /DAY kW-HR / SQ-?lETER/DAY 

June 10.93 8.78 9.62 

J u l y  10.09 9.21 10.05 

August 9.44 7.71 7.68 

This d a t a  was obtained with t h e  use of a Kendall Pyrheliometer (Absolute 
c a v i t y  Radiometer) t h a t  w a s  mounted a t  t h e  PDTS. This  instrument  is 
p a r t  of t h e  weather s t a t i o n  t h a t  w a s  set up a t  t h e  PDTS i n  support  of 
t h e  s o l a r  prograa. I n s o l a t i o n  measurements have been taken s i n c e  
Octobzr 1978. Other  instrumentat ion has  been added over t h e  y e a r s ,  
such as: wind speed and d i r e c t i o n ,  ambient temperature,  barometric 
pressure  and dew p i n t .  

Note t h a t  t h e r e  was a s i g n i f i c a n t  drop during t h e  summer of 1982 as 
compared t o  1981 (19.7%, 8.7X and 18.3% f o r  June, J u l y  and August 
respec t ive ly) .  For t h e  summer of 1983 vs. 1981, t h e  comparable numbers 
are: 12.G%, 0.4% and 18.6%. This  i n d i c a t e s  a s i m i f i c a n t  i n c r e a s e  i n  
energy ava i lab le  i n  June 1983 ( a s  compared t o  June 1982) and a r e t u r n  
during Ju ly  1983, t o  t h e  energy l e v e l s  a v a i l a b l e  p r i o r  t o  t h e  volcanic  
explosion . Although not shown i n  Table 1, t h e r e  w a s  a l a r g e  i n c r e a s e  
i n  energy l e v e l  i n  May 1983 over May 1982 and i n  f a c t  l a r g e r  than May 
1981. This can be seen i n  Table 3 i n  t h e  Appendix. August of 1983, 
however, again shows a s i g n i f i c a n t  decrease from August of 1981 and 
v i r t u a l l y  comparable t o  August of 1982. August of 1983 w a s ,  however, 
q u i t e  a stormy month and t h i s  undoubtedly had a s i g n i f i c a n t  impact  on 
t h e  energy a v a i l a b l e .  C..%equent months w i l l  determine whether t h e  
energy l e v e l s  a r e  back t o  normal or not. Unfortunately,  i t  w i l l  n o t  be 
possible  t o  make t h i s  assessment at  t h e  PDTS, s i n c e  t h e  weather s t a t i o n  
was shut  iown permanently e a r l y  i n  September 1983. 
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Peak Direct Normal I n s o l a t i o n  

The peak d i r e c t  normal i n s o l a t i o n  l e v e l s  f o r  t h e  summers of 1981, 1982 
and 1983 are as shown i n  Table 2 below: 

TABLE 2 

COWPARISON OF PEAK DIRECT NORMAL INSOLATION LEVELS A‘i 
ETS FOR THE SULiMERS OF 1981, 1982, 1983 

1981 
AVG. FOR 
TOP 3-DAYS 
W/ SQ-METER 

1982 
AVG. FOR 
TOP 3-DAYS 
W/SO-tlETER 

1983 
AVG. FOR 
TOP 3-DAYS 
W / S 0-METER 

June 1025 9 84 956 

J u l y  1026 967 995 

August 1040 960 967 

This  d a t a  was measured wi th  t h e  same Kendall Pyrheliometer t h a t  w a s  
used t o  acqui re  t h e  energy d a t a  i n  Table 1. 

Again, i t  is t o  be noted t h a t  t h e r e  w a s  a s i g n i f i c a n t  drop i n  peak 
i n s o l a t i o n  l e v e l s  during t h e  summer of 1982 as compared t o  t h e  summer 
of 1981 (4.0%, 5.8% and 7.7% f o r  June, J u l y  and August respec t ive ly) .  
Comparing t h e  summer of 1983 with 1981, t h e  corresponding numbers are: 
6.7%, 3.0% and 7.0%. T h i s  d a t a  i n d i c a t e s  a s i g n i f i c a n t  i n c r e a s e  i n  
peak i n s o l a t i o n  l e v e l s  during J u l y  1983 (as compared t o  J u l y  19821, but 
s t i l l  3% below t h e  peaks of 1981 f o r  t h e  same month. A s  w a s  t h e  case 
with t h e  energy l e v e l s  ( ind ica ted  i n  Table 11, however, t h e r e  w a s  aga in  
a drop i n  i n s o l a t i o n  l e v e l s  i n  August 1983 to  a l e v e l  comparable wi th  
August 1982 and 7.0% oelow August 1981. Since Augcst of 1983 w a s  q u i t e  
a stormy month, t h i s  almost c e r t a i n l y  cont r ibu ted  t o  lower i n s o l a t i o n  
leve ls .  

The most s t r i k i n g  d i f f e r e n c e  observed between t h e  sliamer of 1982 and 
1981 I s  t h e  decrease i n  t h e  number of days i n  19P2 and 1981 where t h e  
peak I n s o l a t i o n  was 1,000 W/mL or greater. During t h e  summer of 1981 
(June, J u l y  and August), t h e r e  were ‘9 days g r e a t e r  t h m  or equal  t o  
1,000 W/m2, while  i n  1982 f o r  t h e  same months t h e r e  were no days of 
1,000 W!m2 o r  grea:er. For t h e  same months i n  1983, t h e r e  was 1 day 
of 1,300 W/m2 or g r e a t e r .  Fur ther ,  t h e r e  was a h i a t u s  of 13 months 
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(from June 1982 through June 1983) during which the in so la t ion  l e v e l  
did not equal or exceed 1,000 'vJ/m2. For a tabula t ion  of t h i s  d a t a  f o r  
a l l  of 1981 and 1982 and 8 months i n  1983, see Table 4 i n  t h e  appendix. 

Conclusions 

Clear lv ,  t he  answer t o  t h e  o r i g i n a l  quest ion is t h a t  the Mexican volcanic  
explosion had a s ign i f i can t  impact on energy and inso la t ion  l eve l s  a t  t h e  
PDTS and, furthermore, i t  has been q u i t e  long lasting. The f i r s t  r e a l l y  
s ign i€ i can t  decrease i n  energy and in so la t ion  l eve l s  occurred i n  June 
1982 when the  energy l e v e l  decreased by 19.7% while the  peak in so la t ion  
l eve l s  went down by 4.0%. June of 1982 was also t h e  f i r s t  month (of 13 
consecutive months) when peak in so la t ion  l eve l s  d id  not equal or exceed 
1,000 w/m2. 

Signs of a recovery from t h e  e f f e c t s  of t h e  volcanic explosion began 
t o  appear i n  May of 1983, when t h e  energy l e v e l  exceeded t h a t  of May 
1981 as w e l l  as May 1982. A re turn  t o  almost normal l eve l s  (pre- 
volcanic explosion l e v e l s )  occurred i n  Ju ly  1983 followed by a f a i r l y  
large decrease occurring i n  August of 1983 because of stormy weather. 
Peak inso la t ion  l e v e l s  d id  not show s i  s of recovery u n t i l  J u l y  of 

f i r s t  month i n  1983 t h a i  reg is te red  an  increase i n  average in so la t ion  
l e v e l s  over 1982. The average l eve l  i n  Ju ly  1583 d id  not ,  however, 
reach equal l eve l s  o r  an increase over 1981. While averaEe in so la t ion  
l eve l s  did dec l ine  i n  August 1983, t he  average w a s  s t i l l  s l i g h t l y  
above August 1982. 

1983 when the  f i r s t  day above 1,000 W/m 'i" occurred. Ju ly  w a s  a l s o  the  

I n  summary, i t  uould appear t h a t  energy and inso la t ion  l eve l s  are 
improving a t  t he  PDTS, but have not q u i t e  reached normal or pre-volcanic 
levels .  A t  t h i s  t i m e  t he  data would seem t o  suggest a r e tu rn  to  nvrmal 
energy and in so la t ion  l e v e l s  will occur i n  the  very near future .  
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